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Abstract

Magnetic Induction Tomography (MIT) belongs to a group of techniques for the non- 

invasive imaging of the passive electrical properties of objects which also includes 

Electrical Impedance Tomography (BIT), hi MIT, arrays of coils are employed to induce 

eddy currents within an object and to detect the resulting secondary magnetic fields. 

Conductivity and permittivity distributions are then reconstructed from the collected set of 

four-terminal transimpedance data. MIT has several potential advantages relative to BIT 

including (i) errors due to variability of electrode contact impedances and positioning are 

avoided since the coils in an MTT system are typically rigidly attached to a chassis/screen, 

and (ii) the magnetic fields employed easily pass through high impedance boundary layers 

(e.g. the skull in brain imaging applications). Applications of MIT may be broadly divided 

into two categories: high-conductivity and low-conductivity. The development of MIT for 

low-conductivity applications (a < 30Sm~) has been much slower than for high- 

conductivity ones since the conductivities involved are lower, typically by a factor of ~ 

1 x 107, resulting in much smaller signals and very challenging instrumentation design.

The aim of this work was to develop MIT systems with a performance level approaching 

that required for low-conductivity medical and industrial applications including the 

detection of haemorrhagic cerebral stroke and the imaging of multi-phase flows in oil 

pipelines. The specification, design and performance of three novel low-conductivity MIT 

systems are described and are discussed in relation to the target applications. The Cardiff 

Mkl single-frequency MIT system was only the second multi-channel MIT system to be 

constructed, the first low-conductivity MIT system which allowed measurement of both 

real and imaginary signal components, and provided a higher measurement precision (by 

a factor of 6) than the previous system, with a phase noise of 17m° for 30ms time 

constant. A planar array system is described employing a novel coil geometry which 

provided a very significant reduction in phase noise and drift through the use of coil 

orientation. Finally, the Cardiff Mk2 multi-frequency system provided an order of 

magnitude improvement in measurement precision in comparison to the Cardiff Mkl 

system with phase measurement precision of 1.1 m° - 8m° over 10MHz -0.5MHz, SNR 

for in vivo human head measurements estimated at 59dB - 16dB over the same frequency 

range and phase drift of <10m° over periods of up to 12 hours.



Acknowledgements
Firstly, I would like to thank my supervisors Prof. Bob Williams and Prof. Huw 
Griffiths for the guidance they provided to me throughout this project. Bob has invested 
a great deal of his time and energy in this MIT development project, and in the 
management of the Medical Electronics and Signal Processing Research Unit 
(MESPRU) at Glamorgan. It has made it a pleasure and privilege to work there. I would 
like to thank him in particular for the great care and effort he has put into the review of 
the drafts of this thesis.

Huw has also provided much guidance during this work, hi particular I would like to 
thank him for the detailed review of chapter 2 of this thesis and the advice provided on 
its contents. I would also like to thank him for the great deal of time and effort he has 
spent on the review of, and input into, all of the journal and conference publications 
listed in Appendix F on which this thesis is primarily based.

I would like to thank Dr. Ralf Patz, who took over from Bob Williams as head of 
MESPRU in 2007. Ralf has been very supportive of this project and has been a great 
source of advice on the signal processing aspects of the work. I would also like to thank 
Dr. Yasheng Maimaitijiang and Mr Hoe Cher Wee who were PhD students within 
MESPRU during the period 2005-2009. Yasheng and Hoe Cher were of great help; 
through the many discussions we had on MIT image reconstruction and hardware 
issues, and through the practical aid given with programming, talcing measurements, 
soldering circuits e.t.c.

Two other members of the South Wales MIT group I would like to thank are Dr. 
William Gough and Mr Massoud Zolgharni who have provided valuable input to this 
project including respectively, proposals for novel phase measurement techniques, and 
the development of MIT simulations which have helped define the phase precision 
requirements of the instrumentation developed in this project. I would also like to thank 
Dr Claudia Igney of Philips Medical Systems with whom I collaborated on the 
development of the multi-channel planar array MIT system in 2004-2005. Subsequently, 
Claudia was instrumental in Philips Medical Systems valued involvement in the 
LCOMIT project.

The work has been supported by the EPSRC through the grants Magnetic Induction 
Tomography for Biological Tissues (GR/M45504, GR/M48161, GR/M47898) and Imaging 
low-conductivity materials in Magnetic Induction Tomography - LCOMIT 
(EP/E009697/1, EP/E009832/1, EP/E009158/1).

I'd like to thank my parents Alex and Jean Watson for their encouragement during my 
first degree which set me on the path to this PhD. Finally I would like to thank my 
partner Rosalyn Marron and son Fionn for their patience with me during the long 
evening hours spent at lab and office, rather than at home, completing the writing of 
thesis. I'm especially grateful for Roz's support and encouragement during this work - 
and volunteering to proof-read this thesis really was beyond the call of duty.

II



Table of Contents

List of Tables .................................................................................................................IX

List of Figures................................................................................................................. X

Glossary of Terms.................................................................................................... XVII

1. Introduction............................................................................................................. 1
1.1. Overview...........................................................................................................2
1.2. Thesis structure.................................................................................................6
1.3. Collaborating Institutions and Authorship........................................................9
1.4. Objectives of the project and original contributions to knowledge................ 11

2. The design of MIT systems for low-conductivity (^OSm"1) applications........ 13
2.1. Introduction.....................................................................................................14
2.2. Physical aspects of MIT.................................................................................. 14
2.3. Biomedical applications of MIT .....................................................................22

2.3.1. The passive electrical properties of biological tissue.............................. 22
2.3.2. Frequency dependency of tissue conductivity and permittivity ..............24
2.3.3. Conductivity and permittivity values in human tissues versus

frequency (IkHz - 100MHz)................................................................... 29
2.3.4. Other factors influencing tissue conductivity and permittivity............... 31

2.3.4.1. Temperature........................................................................................31
2.3.4.2. Temporal............................................................................................. 32
2.3.4.3. Anisotropy........................................................................................... 33

2.3.5. Oedema, ischaemia and necrosis.............................................................33
2.3.5.1. Oedema...............................................................................................33
2.3.5.2. Ischaemia.............................................................................................34
2.3.5.3. Necrosis...............................................................................................35

2.3.6. Advantages / disadvantages of MIT vs BIT............................................ 36
2.3.6.1. Comparative potential advantages and disadvantages........................36
2.3.6.2. Physical Parameters measured............................................................36
2.3.6.3. Sensors Employed............................................................................... 37
2.3.6.4. Operating Frequency...........................................................................41
2.3.6.5. Image Reconstruction..........................................................................42

2.3.7. Potential medical applications of MIT ....................................................46
2.3.7.1. Categories of potential medical applications ......................................46
2.3.7.2. Imaging of the Thorax by MIT...........................................................46
2.3.7.3. Imaging of the Brain by MIT..............................................................48
2.3.7.4. Other Clinical Applications of MIT....................................................51

2.3.8. Potential industrial applications of low-conductivity MIT ..................... 53
2.3.8.1. Oil/gas/water mixtures....................................................................53
2.3.8.2. Glass production ................................................................................. 53

III



2.4. Review of low-conductivity MIT systems (pre-200\)................................. ...54
2.4.1. Scope of review.......................................................................................54
2.4.2. Early single-channel (non-imaging) systems.......................................... 54
2.4.3. Early MIT systems (pre-1997)................................................................ 55
2.4.4. The Moscow MIT system (1997)............................................................ 57
2.4.5. The Cardiff MIT system (1999).............................................................. 59

2.5. Review of low-conductivity MIT systems (2001-2008).................................60
2.5.1. Scope of review....................................................................................... 60
2.5.2. The BodyLife Scanner (2003)................................................................. 60
2.5.3. The Graz Mkl (2006) and Mk2 (2007) systems..................................... 61

2.5.3.1. Advantages of multi-frequency over single frequency MIT...............62
2.5.3.2. Sensors and array design..................................................................... 63
2.5.3.3. Measurement system...........................................................................65
2.5.3.4. Simultaneous data acquisition.............................................................65

2.5.4. The Philips MIT system (2008)............................................................... 67
2.5.5. The Aachen MIT system - MUSIMITOS (2008)................................... 68

2.6. Summary......................................................................................................... 69

3. The Cardiff Mkl MIT system: specification and system components............. 71
3.1. Introduction..................................................................................................... 72
3.2. Specifications of the Cardiff Mkl MIT system ..............................................74

3.2.1. Target application for specification......................................................... 74
3.2.2. Operating frequency................................................................................74
3.2.3. Electrical properties measured and measurement technique................... 76
3.2.4. Transducers.............................................................................................. 77
3.2.5. Array geometry and number of channels ................................................ 78
3.2.6. System control and measurement systems.............................................. 80
3.2.7. System measurement precision ...............................................................81

3.3. Phase Measurement systems: Theory and design considerations................... 83
3.3.1. Frequency multiplication/mixing..........................................................83
3.3.2. Downconversion......................................................................................84
3.3.3. Synchronous demodulation..................................................................... 85
3.3.4. Dual-phase lock-in detection................................................................... 86
3.3.5. Phase Measurement systems................................................................... 87

3.3.5.1. Linear Phase Detector......................................................................... 87
3.3.5.2. HF analogue - digital conversion....................................................... 88
3.3.5.3. Down-conversion and phase detection at low frequency.................... 89

3.3.6. Phase measurement system performance criteria.................................... 91
3.3.6.1. Phase Linearity and Phase offset......................................................... 92
3.3.6.2. Phase Noise.........................................................................................92
3.3.6.3. Phase Skew .........................................................................................92
3.3.6.4. Phase drift and phase temperature coefficient ....................................93

rv



3.4. XOR-based low frequency phase measurement system .................................93
3.4.1. Design of XOR-based phase measurement system.................................93
3.4.2. Performance measurements on the circuit............................................... 94
3.4.3. Phase reference........................................................................................95
3.4.4. Measurement results................................................................................97

3.5. Downconverter system....................................................................................98
3.5.1. Downconverter system design considerations......................................... 98
3.5.2. Mixer and Filter section........................................................................... 99

3.5.2.1. Filter section design and noise measurements....................................99
3.5.2.2. Frequency content of mixers outputs: effect on phase noise........... 103

3.5.3. High frequency stability generators and common clock systems ......... 106
3.5.3.1. High frequency/phase stability signal generators ............................. 107
3.5.3.2. Common Clock systems.................................................................... 108

3.6. Emulation of the study of Griffiths et al. ...................................................... 110
3.6.1. Set-up of the original study................................................................... 110
3.6.2. Measurements using the new phase measurement system.................... 112
3.6.3. Discussion of results of measurements.................................................. 115

3.6.3.1. Filters................................................................................................ 115
3.6.3.2. Back-off............................................................................................. 115

3.7. MIT system detection circuit........................................................................ 117
3.7.1. New design for downconverting detection circuit................................. 117
3.7.2. Programmable phase reference.............................................................. 118
3.7.3. New downconverter circuits.................................................................. 122

3.7.3.1. Circuit 1 - TL072 with zener diodes - gain 160...............................123
3.7.3.2. Circuit 2 - TL072 with zener diodes - gain 470............................... 123
3.7.3.3. Measurements of performance of Circuits 1 and 2........................... 124
3.7.3.4. Circuit 3 - AD8056 4-stage amplifier.............................................. 128

3.7.4. Input buffer amplifier............................................................................ 130
3.7.5. The complete detection circuit.............................................................. 132

3.8. Vector Voltmeter measurement system........................................................ 133
3.8.1. The real component of the MIT signal.................................................. 133
3.8.2. Lock-in amplifier vs. direct phase measurement: setup........................ 135
3.8.3. Lock-in amplifier vs. direct phase measurement: performance........... 137
3.8.4. Lock-in amplifier vs. direct phase measurement: conclusions.............. 139

3.9. Excitation Circuitry....................................................................................... 140
3.9.1. Criteria for excitation circuitry.............................................................. 140
3.9.2. Excitation coils......................................................................................146
3.9.3. Coil driver circuit.................................................................................. 146



3.10. Single channel system tests........................................................................... 148
3.10.1. Single channel measurements set-up..................................................... 148
3.10.2. Measurement 1 - Detection circuits only............................................... 149

3.10.2.1. Ground..........................................................................................151
3.10.2.2. Phase noise vs input amplitude.....................................................151
3.10.2.3. Phase skew vs input amplitude..................................................... 152

3.10.3. Measurement 2 - powered, disabled excitation circuit in place............ 153
3.10.4. Measurement 3 - excitation circuit active ............................................. 155
3.10.5. Thermally induced drift in input buffer amplifier................................. 155
3.10.6. Frequency drift in oscillators................................................................. 158

3.10.6.1. Use of a reference signal derived from the lock-in amplifier....... 159
3.10.6.2. Use of phase locked 10MHz and 9.99MHz signals...................... 160
3.10.6.3. Use of higher frequency stability oscillators................................ 160

3.11. Summary.......................................................................................................161

4. The Cardiff Mkl MIT system: Design, Performance and Applications........ 164
4.1. Introduction...................................................................................................165
4.2. Overview of the 16-channel system.............................................................. 166

4.2.1. Block diagram and operation of 16-channel system............................. 166
4.2.2. Reference for phase sensitive measurements........................................ 169

4.3. Chassis / screen design and construction...................................................... 170
4.4. Coils..............................................................................................................172

4.4.1. Phase noise vs. excitation/ detection coil turns.................................... 172
4.4.2. Coil interactions in the 16-channel system............................................ 174

4.5. Local oscillator distribution section.............................................................. 178
4.5.1. Active and passive LO distribution circuits.......................................... 178
4.5.2. Active LO distribution board................................................................. 179
4.5.3. Passive LO distribution system............................................................. 180

4.6. Detected signal distribution section..............................................................182
4.7. Control and power distribution sections .......................................................183
4.8. Measurement system..................................................................................... 184

4.8.1. Perkin Elmer 7265 lock-in amplifier..................................................... 184
4.8.2. Stanford Research Systems SR830 lock-in amplifier........................... 190
4.8.3. Noise and drift performance of SR830 lock-in amplifier...................... 191

4.9. Integration of the 16-channel MIT system.................................................... 193
4.10. MIT system control and measurement software........................................... 195
4.11. Full MIT system performance measurements............................................... 198

4.11.1. Phase Noise........................................................................................... 198
4.11.2. Phase Drift.............................................................................................200
4.11.3. Inter-channel cross-talk......................................................................... 202
4.11.4. Temperature sensitivity of receiver components...................................204
4.11.5. Capacitive coupling within the system..................................................207

VI



4.11.6. MIT signals and system SNR: saline samples and in vivo
measurements........................................................................................212

4.11.6.1. Variation of MIT received signal with conductivity.....................212
4.11.6.2. Variation of MIT received signal with vessel diameter................213
4.11.6.3. A simple model of cerebral haemorrhagic stroke .........................214
4.11.6.4. Measurements on the human head in vivo....................................216
4.11.6.5. Measurements on the human thigh in vivo...................................217

4.12. Imaging with the Cardiff Mkl system ..........................................................218
4.12.1. Image reconstruction.............................................................................218
4.12.2. Imaging studies carried out with the Cardiff Mkl system -

biomedical applications.........................................................................220
4.12.3. Imaging studies carried out with the Cardiff Mkl system - multi 

phase flows............................................................................................224
4.13. Summary....................................................................................................... 227

5. A planar array MIT system using primary field desensitization ................... 231
5.1. Introduction...................................................................................................232
5.2. Primary Field Desensitization.......................................................................233

5.2.1. Noise / drift reduction through primary field desensitization ............... 233
5.2.2. Methods of primary field desensitization..............................................235

5.3. Single channel Bx sensor system..................................................................236
5.3.1. The Bx sensor........................................................................................236
5.3.2. Design of a single channel MIT system employing a Bx sensor ..........237
5.3.3. Sensor alignment and the measured signal............................................ 239
5.3.4. Noise and drift performance of Bx sensor............................................. 241
5.3.5. Sensitivity distributions obtained using Bx sensors.............................. 243

5.4. A planar array MIT system employing Bx sensors....................................... 246
5.4.1. Design of the planar array system.........................................................246
5.4.2. Reference measurements hi a primary field desensitized system ......... 248
5.4.3. The measurement performance of the planar array............................... 249
5.4.4. Imaging with the planar array system ................................................... 250

5.5. Discussion on primary field desensitization.................................................253
5.6. Summary.......................................................................................................255

6. LCOMIT: the Cardiff Mk2 MIT system.......................................................... 257
6.1. Introduction................................................................................................... 258
6.2. The LCOMIT project....................................................................................260

6.2.1. Background............................................................................................260
6.2.2. Target applications................................................................................ 261
6.2.3. LCOMIT programme of work............................................................... 262
6.2.4. The Cardiff Mk2 MIT system: Design and performance

specifications.............................................................................. .. ...262
6.2.5. Previous MIT systems: influence on Cardiff Mk2 design..................... 264

VII



6.3. LCOMIT: Measurement system development..............................................266
6.3.1. Modulated local oscillator methods: 'vector chopper' ..........................266
6.3.2. Direct digisation system - the PXI-5105 digitiser................................ 268
6.3.3. FPGA based direct digisation system - the DDSM-1........................... 270

6.3.3.1. Overview of DDSM-1 system...........................................................270
6.3.3.2. Analogue input and digitisation section............................................273
6.3.3.3. Control and data output section.........................................................275
6.3.3.4. Data processor and measurement algorithms....................................276
6.3.3.5. Signal generation...............................................................................280
6.3.3.6. Clock Distribution............................................................................. 281
6.3.3.7. Construction, testing and application of the DDSM-1 system..........283

6.4. LCOMIT: Phase stabilisation methods.........................................................284
6.4.1. High phase stability amplifiers.............................................................. 284
6.4.2. Passive/Active reference networks...................................................... 290
6.4.3. Temperature compensation schemes.....................................................297

6.5. The Cardiff Mk2 MIT system: design and preliminary results..................... 301
6.5.1. Overview of the Cardiff Mk2 MIT system............................................301
6.5.2. Coil array...............................................................................................304
6.5.3. Reference signals................................................................................... 308
6.5.4. Excitation signal generation and distribution........................................310
6.5.5. Detector circuits and measurement system ........................................... 313
6.5.6. Performance of the Cardiff Mk2 system   preliminary results............. 314

6.5.6.1. Signal Magnitude and Phase Noise of the Cardiff Mk2 system .......314
6.5.6.2. Phase drift of the Cardiff Mk2 system..............................................317
6.5.6.3. Data Acquisition time of the system.................................................318

6.5.7. Discussion of the performance of the Cardiff Mk2 system................... 320
6.6. Summary.......................................................................................................324

7. Summary and Future Work............................................................................... 327
7.1. Summary....................................................................................................... 328

7.1.1. The main topics covered by this thesis..................................................328
7.1.2. The Cardiff Mkl MIT system...............................................................328
7.1.3. The Bx sensor and planar array MIT system......................................... 330
7.1.4. LCOMIT and the Cardiff Mk2 MIT system.......................................... 331
7.1.5. Research Outputs...................................................................................332

7.2. Future Work..................................................................................................332
7.2.1. Further developments within the LCOMIT project............................... 332
7.2.2. Improvements in SNR and/or data acquisition rates of the Cardiff

Mk2 MIT system...................................................................................332
7.2.3. Investigation of new array geometries .................................................. 333
7.2.4. Developments in MIT instrumentation in the long term....................... 334

7.3. Conclusion................................................................................................-.334

VIII



8. Appendices........................................................................................................... 336
8.1. Appendix A - Conductivity and permittivity value range in human tissues 
over IkHz - 100MHz with tissues types grouped by three applications: head, chest 
and limb imaging ......................................................................................................337
8.2. Appendix B - Phase error versus frequency response for RC, LCR and 
amplifier sections of MIT system .............................................................................340
8.3. Appendix C - Circuit simulations of the Cardiff Mkl and Mk2 detector 
circuits 347
8.4. Appendix D - Measurement of the phase vs temperature coefficients of 
amplifers for MIT detector circuits...........................................................................363
8.5. Appendix E - Cardiff Mkl system Control and Measurement software...... 370
8.6. Appendix F.I Cardiff Mkl receiver circuit................................................... 382
8.7. Appendix F.2 Cardiff Mkl coil driver circuit............................................... 383
8.8. Appendix F.3 Cardiff Mkl detected signal distribution board..................... 384
8.9. Appendix F.4 Cardiff Mkl control signal board...........................................385
8.10. Appendix G Publications related to this thesis .............................................386

9. References............................................................................................................ 388

IX



List of Tables

Table 2-1 A comparison of potential advantages and disadvantages of BIT and MIT... 45

Table 3-1 Magnetic field sensor technologies, showing the magnetic field range
over which they potentially may operate........................................................ 78

Table 3-2 Pixel area as a proportion of the total image area by numbers of coils.......... 79

Table 3-3 Quoted phase measurement performance of Moscow and Cardiff MIT
systems........................................................................................................... 81

Table 3-4 MIT system design specifications selected on biomedical application
based criteria...................................................................................................82

Table 3-5 Comparison of oscillator types. Prices are estimated from a review of

suppliers in 2009...........................................................................................108

Table 3-6 Maximum change in Re(AV/V), Im(AV/V) and the standard deviation
of amplitude for the measurement results of figure 3.21 ............................. 114

Table 3-7 Comparison of relevant device specifications for TL072 and AD8056
operational amplifiers................................................................................... 126

Table 4-1 Measured phase noise for varying number of turns in DET coils................ 173

Table 4-2 Measured phase noise for varying number of turns in EXC coils................ 174

Table 4-3 Measured phase noise for varying time constant TC.................................... 186

Table 4-4 Average and maximum phase drift............................................................... 201

Table 4-5 Average and maximum phase drift with excitation channel held on............ 201

Table 4-6 Temperature coefficients of phase change (mean ± standard error)
measured by heating the devices in an oven................................................. 206

Table 4-7 Details of the 4 subjects measured................................................................217

Table 5-1 Noise and Drift figures for three sensor arrangements investigated............. 242

Table 5-2 R.M.S. sensitivity values for the simulated results.......................................245

Table 6-1 Target specifications for the proposed Cardiff Mk2 system in comparison
to the measured performance of the Cardiff Mkl system............................ 263

Table 6-2 Four high bandwidth operational amplifiers................................................. 286

Table 6-3 Average detected signal magnitude and phase noise across all channel
combinations of the Mk2 system..................................................................316

Table 6-4 Estimated SNR versus frequency for in vivo head measurements with
Cardiff Mk2 system......................................................................................320



List of Figures
Figure 1-1 Block diagram of the major components of a multi-channel MIT system...... 7
Figure 2-1 Primary magnetic field B (shown as dotted lines) created by the

excitation coil............................................................................................... 15
Figure 2-2 Induced eddy currents ................................................................................... 18
Figure 2-3 Phaser diagram showing the total received signal (V+AV) and the

received signal components due to the primary magnetic field (V) and 
secondary magnetic field (AV)..................................................................... 19

Figure 2-4 The measured relative permittivity of bovine liver tissue as a function of
frequency [3] with the major dispersions labelled...................................... 25

Figure 2-5 The measured conductivity of bovine liver tissue as a function of
frequency [23]..............................................................................................26

Figure 2-6 The Cole plot................................................................................................. 27
Figure 2-7 A circuit model with impedance locus corresponding to Cole equation....... 28
Figure 2-8 The measured conductivity as a function of frequency for five tissue

types found in head applications.................................................................. 30
Figure 2-9 Conductivity, normalised to value at 1MHz, as a function of frequency

for five tissue types found in head applications........................................... 31
Figure 2-10 Diagram of estimated conductivities used in the 4 shell head model of

[51]............................................................................................................... 40
Figure 2-11 Locations of intracerebral and subarachnoid haemorrhagic stroke

subtypes (from [73])..................................................................................... 49
Figure 2-12 Photograph of the system of Korjenevsky et al [8].................................... 58
Figure 2-13 Photograph of the BodyLife scanner showing the 4 pillars on which 

the array is vertically translated and the cameras used for the optical- 
based boundary measurement (from [97])................................................... 61

Figure 2-14 The Graz Mk2 system [103]........................................................................ 64
Figure 2-15 The Philips MIT system. The picture on the left shows the top view

while that on the right shows the front view of system [108]...................... 68
Figure 3-1 Output of multiplier....................................................................................... 84
Figure 3-2 Block diagram of the Moscow MIT system measurement circuitry (from

[8])................................................................................................................ 85
Figure 3-3 Schematic of two-phase lock-in amplifier..................................................... 86
Figure 3-4 High frequency ADC scheme..................................................-..  ............. 89
Figure 3-5 Downconverting phase measurement system ............................................... 90
Figure 3-6 XOR-based phase measurement circuit........................................................ 94
Figure 3-7 Analogue Phase reference circuit.................................................................. 96
Figure 3-8 Phase detector output pulse width variation vs phase reference phase

offset...........................................................................................................-97
Figure 3-9 Schematic diagram of downconverter system............................................... 98
Figure 3-10 Set-up for measurement of phase noise introduced by mixer and filter

sections.................................................................. .................................. 100
Figure 3-11 HF phase reference.................................................................................... 101

XI



Figure 3-12 Measured phase (on phase detector) vs set phase (on phase reference) 
for (i) 8th order bandpass, (ii) 4th order lowpass and (iii) cascade of both 
filters........................................................................................................... 102

Figure 3-13 Standard deviation of phase (on phase detector) vs set phase (on phase 
reference) for (i) 8th order bandpass, (ii) 4th order lowpass and (iii) 
cascade of both filters................................................................................. 102

Figure 3-14 Set-up for measurement of frequency content of mixer output after
downconversion......................................................................................... 104

Figure 3-15 Frequency spectrum of mixer output after downconversion..................... 104

Figure 3-16 Frequency spectrum of output of Philips PM5193 (black line) and 
Philips PM5134 (grey line) signal generators. The divisions in the x- 
axis (frequency) are 20kHz and y-axis (amplitude) lOdB......................... 105

Figure 3-17 Phase measurement variation versus frequency for band-pass filter and
XOR phase detector................................................................................... 106

Figure 3-18 Schematic of common clock signal generators arrangement.................... 109

Figure 3-19 Standard deviation of phase (on phase detector) vs set phase (on phase 
reference) for cascade of both filters using a common clock for both 
signal generators......................................................................................... 110

Figure 3-20 Schematic diagram of the Cardiff MIT system of [9]............................... 111

Figure 3-21 Schematic diagram of the measurement set-up of Griffiths et al
incorporating new downconverter system.................................................. 113

Figure 3-22 Measured AV/V versus displacement with a 500ml beaker filled with
2Sm-1 .......................................................................................................... 114

Figure 3-23 Schematic diagram of the measurement set-up of Griffiths et al
incorporating new downconverter system and programmable back-off.... 116

Figure 3-24 Programmable phase reference showing AD9852 and clock
distribution boards...................................................................................... 118

Figure 3-25 Frequency spectrum of output of downconverter using an AD9852 for 
one channel and (i) a PM5134 signal generator and (ii) a second 
AD9852 for the other channel. In figure (a) a common clock source 
was used for both signal generators while for figure (b) separate clock 
sources were used....................................................................................... 119

Figure 3-26 Schematic diagram of the set-up for measurement of observed pulse 
width of output of XOR phase detector versus set phase offset of new 
AD9852-based phase reference.................................................................. 120

Figure 3-27 Measured phase offset versus set phase offset using a TDS210
oscilloscope and aRACAL 9901 universal counter.................................. 121

Figure 3-28 Schematic diagram of the new downconverter configuration and the
set-up for measurements of the performance of the circuits...................... 122

Figure 3-29 Schematic diagram of circuit 1 amplifier filter section............................. 123

Figure 3-30 Variation of measured phase offset vs input amplitude for amplifier
with gain = 160..............................................................».-.. .»..««»-

Figure 3-31 Standard deviation of measured phase vs channel 1 input amplitude for
amplifier with gain=160 (solid line) and gain = 470 (dashed line)............ 124

Figure 3-32 Sampled waveforms of output of 2nd stage amplifier at the recovery 
phase for input amplitude levels (into 1 st stage) of 31.5mV, 62.5mV, 
125mV and 250mV (all pp values)............................................................ 127

Figure 3-33 Schematic diagram of circuit 3 amplifier and filter section...................... 128

XII



Figure 3-34 Variation of measured phase offset vs input amplitude for circuit 3
(solid line) and circuit 2 (dashed line)........................................................ 129

Figure 3-35 Standard deviation of measured phase vs channel 1 input amplitude for
circuit 3 (solid line) and circuit 2 (dashed line)......................................... 129

Figure 3-36 Schematic diagram of OPA3682-based input buffer amplifier................. 131
Figure 3-37 Standard deviation of measured phase vs channel 1 input amplitude....... 131
Figure 3-38 Detection circuit design.............................................................................. 132
Figure 3-39 Schematic of direct phase measurement signal processing board............. 135
Figure 3-40 Simplified schematic of aDSP lock-in amplifier...................................... 136
Figure 3-41 Schematic of (a) direct phase and (b) vector voltmeter measurement

setups.......................................................................................................... 137
Figure 3-42 Standard deviation of phase (vector voltmeter system - solid line) and 

standard error of phase (direct phase system - broken line) vs input 
amplitude.................................................................................................... 138

Figure 3-43 Phase Skew vs input amplitude (vector voltmeter- solid line, direct
phase- broken line).................................................................................... 139

Figure 3-44 Current x turns computed for 5cm diameter coil of vary turns without 
series resistor (clear circles) and with 50 ohm series resistor (filled 
squares)....................................................................................................... 142

Figure 3-45 Neighbouring coils on an annular array.................................................... 143
Figure 3-46 Coil driver circuit...................................................................................... 147
Figure 3-47 Single channel system testbench showing metal screen/chassis and

excitation (EXC) and detection (DET) enclosures.................................... 148
Figure 3-48 Set-up for Measurement 1 - excitation circuits only................................ 150
Figure 3-49 XOR phase detector................................................................................... 150
Figure 3-50 Phase noise obtained from detection circuits showing results for

module 1 (solid line), module 2 (dashed line) and the benchtest circuit 
(dot-dashed line)......................................................................................... 152

Figure 3-51 Phase skew obtained from detection circuits showing results for
module l(solid line) and module 2 (dashed line)....................................... 152

Figure 3-52 Temperature increase of input buffer on reference detection board
associated with activation of excitation coil.............................................. 156

Figure 3-53 Drift in frequency of reference signal immediately after excitation coil 
activated. The grey line shows results obtained using a XO crystal 
oscillator and the black line show those obtained using a TCXO crystal 
oscillator..................................................................................................... 158

Figure 4-1 Block diagram of the 16-channel MIT system............................................ 167
Figure 4-2 MIT system chassis / screen........................................................................ 171
Figure 4-3 Set-up for number of turns vs phase noise measurements.......................... 173
Figure 4-4 Screen capture from oscilloscope showing outputs from (top) detector 

board close to active excitor channel and (bottom) reference output 
from excitor channel................................................................................... 175

Figure 4-5 Screen capture from oscilloscope showing spectrum obtained from
output from detector board close to active excitor channel....................... 176

Figure 4-6 Frequency response of output from detector input buffer for
EXC=4turns, DET=4 turns. The gain is normalized to the figure
obtained at 10MHz..................................................................................... 177

XIII



Figure 4-7 Frequency response of output from detector input buffer for (blue line) 
EXC=4turns, DET=4 turns and (pink line) EXC=2turns, DET=4 
turns. The gain is normalized to the figure obtained at 10MHz................. 177

Figure 4-8 Active LO distribution board...................................................................... 179
Figure 4-9 Passive LO distribution system................................................................... 180
Figure 4-10LO power amplifier design (from [123]).................................................. 181
Figure 4-11 Block diagram of detected signal distribution board................................. 182
Figure 4-12 Excitation / detection channel control system........................................... 183
Figure 4-13 Perkin Elmer 7265 DSP lock-in amplifier shown with control PC........... 184
Figure 4-14 Set-up for phase noise measurements on Perkin Elmer 7265 lock-in

amplifier..................................................................................................... 185
Figure 4-15 Use of switched reference output for internal vs external lock

comparison................................................................................................. 187
Figure 4-16 Derivation of waveforms monitored during lock acquisition

investigation............................................................................................... 188
Figure 4-17 Lock acquisition delay for internal reference - 7265 lock-in amplifier.... 188 
Figure 4-18 Lock acquisition delay for external reference - 7265 lock-in amplifier... 189
Figure 4-19 Lock acquisition delay for external reference - SR830 lock-in

amplifier..................................................................................................... 190
Figure 4-20 Phase noise vs input amplitude - SR830 lock-in amplifier...................... 191
Figure 4-21 Phase noise vs input amplitude - SR830 lock-in amplifier...................... 192
Figure 4-22 Photograph of screen and front end modules showing excitation

circuits........................................................................................................ 194
Figure 4-23 Photograph of control, signal MUX, LO and power distribution boards

within their enclosures............................................................................... 194
Figure 4-24 Average noise in Im(AV/V) for the 240 different channel

combinations. The channel separation is the separation of the receiver 
from the excitation coil hi a clockwise sense (in units of 22.5°) ............... 199

Figure 4-25 the primary signal, V, in Volts r.m.s. at the detector output.................... 199
Figure 4-26 Potential route for cross-talk via LO distribution network........................ 203
Figure 4-27 Detector circuit design. The labels 1-5 shown against the components 

relate to measurements described in this section. LO is the input from 
local oscillator............................................................................................ 205

Figure 4-28 Change in Im(AV/V) over a 10 min period. The curves labelled REF 
and DET show the variations measured when components in the 
reference and detection circuits were heated respectively. The times 
indicated by the markers 1-5 show the points at which the components 
with the same label in figure 4.22 were heated. Each curve is the mean 
of three measurements with error bars shown equal to ±1 standard error. 206

Figure 4-29 Equivalent circuit of a MIT excitation/detection coil pair showing
main coupling nodes (from [124])............................................................. 207

Figure 4-30 Changes in the imaginary (top graph) and real components (bottom 
graph) of the MIT signal, relative to the measurement with no sample 
present, vs. sample conductivity. The standard deviation of the 
measurements was 0.01 % (from [106]). ...................................................210

XIV



Figure 4-31 Theoretical curves for AV/V versus conductivity from the model of 
Gough [61], for two values of the relative permittivity of the spherical 
shell, sr. The excitation frequency was 10 MHz (from [106])................... 211

Figure 4-32 Average (solid line) and maximum (dashed line) in Im(AV/V) for
differing tank volumes................................................................................. 214

Figure 4-33 Position of agar sample (dark gray circle) within the saline bath
(lighter gray circle). The outermost circle represents the position of the 
detector coils..............................................................................................215

Figure 4-34 Positioning for in vivo human head measurements................................... 216
Figure 4-35 Average value of Im(AV/V) across all channel combinations for

cylindrical saline phantom of varying conductivty...................................... 218
Figure 4-36 Images obtained from a simple physical model of cerebral

haemorrhagic stroke. The top row shows the actual location of the
haemorrhage within the tank. The 2nd and 3rd rows show images
absolute and difference images respectively (from [5]])........................... 222

Figure 5-1 Phaser diagram of the MIT received signal................................................ 233
Figure 5-2 Phaser diagram showing phase noise introduced by phase errors hi

reference..................................................................................................... 234
Figure 5-3 Coil geometries providing desensitization for planar arrays....................... 236
Figure 5-4 Detection coil alignment for zero sensitivity to excitation field................. 237
Figure 5-5 Excitation system ........................................................................................ 238
Figure 5-6 Coil and measurement platform arrangement. The position x=0 was

defined as the axis of the excitation coil.................................................... 239
Figure 5-7 Real and Imaginary signal components with sensor vertical

displacement...............................................................................................240
Figure 5-8 Measured (solid line) and simulated (broken line) sensitivity profiles for 

the compensated sensor at two different heights, h= 1.5cm and h=3.5cm 
above the coil............................................................................................. 244

Figure 5-9 Simulated sensitivity profiles for the uncompensated sensor for two
distances of the sample above the coils...................................................... 245

Figure 5-10 (a) the coil array showing the four excitation coils L62 - Les, the
reference excitation coil Lr and the 8 Bx detection sensors Lmi - Lms >
(b) photograph of system............................................................................ 247

Figure 5-11 Array scan geometry for single plane array............................................... 250
Figure 5-12 Reconstructed images using free space sensitivity matrix and the Bx

sensor planar array..................................................................................... 251
Figure 5-13 A two plane Bx sensor array mechanically scanned hi the x-direction..... 252
Figure 5-14 Reconstructed ullages using a free space sensitivity matrix with a two

plane Bx sensor array................................................................................. 252
Figure 6-1 Block diagram of the quadrature modulator test circuit.............................. 267
Figure 6-2 Measured and estimated phase noise vs the measured RMS voltage at

digitizer (10 MHz, 17ms TC and 60MSamples/s) [143]............................ 269
Figure 6-3 Block diagram of system showing major subsections................................. 271
Figure 6-4 Block diagram of system network and control lines................................... 272
Figure 6-5 Block diagram of the analogue input and digitisation section.................... 273
Figure 6-6 Block diagram of the "Manchester algorithm"........................................... 277

XV



Figure 6-7 Block diagram of the PSD algorithm.......................................................... 279
Figure 6-8 Block diagram of excitation signal generator.............................................. 281
Figure 6-9 Photograph of the DDSM-1 prototype board.............................................. 283
Figure 6-10 Non-inverting amplifier circuit employing 2nd order active

compensation.............................................................................................. 287
Figure 6-11 Cardiff Mk2 detector circuit design.......................................................... 288
Figure 6-12 Accumulated phase shifts within the MIT signal chain............................ 291
Figure 6-13 Diagram of a single channel MIT system with passive and active

reference networks..................................................................................... 292
Figure 6-14 A single channel MIT system with phase tracking. The numbers 1-4

refer to the freezer spray measurements described below.......................... 293
Figure 6-15 Results of the freezer spray test. The numbers 1-4 relate to the location 

of the application of the freezer spray as shown in figure 6.6. The thin 
black line and dashed grey line are the measured phases for the 
received excitation and received active reference respectively. The 
thick black line is the resultant signal, received - active reference 
(offset by 80m°)......................................................................................... 295

Figure 6-16 Detected signals measured over 12 hour period. Lines A (dark grey) 
and B (light grey) show the real and imaginary components of the 
received signal respectively. Line C (black) shows the real component 
after amplitude normalisation.....................................................................297

Figure 6-17 Thermopile module used to record temperature of the chassis/screen.
The device was positioned 1cm above the screen...................................... 298

Figure 6-18 Measured phase of 5 channels of Mk2 system versus time over 12 hour
period..........................................................................................................299

Figure 6-19 Measured temperature of the Mk2 system screen versus tune over 12
hour period.................................................................................................299

Figure 6-20 Measured phase versus measured temperature of the 5 detector
channels...................................................................................................... 300

Figure 6-21 Measured temperature of the Mk2 system screen versus time over 12
hour period.................................................................................................301

Figure 6-22 Photograph of the Cardiff Mk2 MIT system............................................. 302
Figure 6-23 Schematic diagram of the Cardiff Mk2 MIT system. Excl-14 are the 

excitation coils, Detl-14 are the detection coils and Rpal-14 are the 
pass............................................................................................................. 304

Figure 6-24 Coil array geometry of the Mk2 system. D is the vertical separation of
the excitation and detection coil rows........................................................ 305

Figure 6-25 Direct coupling received signal of the excitation and detector coils as a 
function of coil separation. The coil number refers to the position of the 
detection coil with numbers 1 and 14 closest to the excitation coil and 
numbers 7 and 8 furthest. The legend shows the separation D (see 
Figure 6-24)..............................................................................................-306

Figure 6-26 Photograph of coil array of the Mk2 system............................................. 306
Figure 6-27 Photograph of coil former showing the location of the coil. The copper

foil is an electric field shield. This is applied to the excitation coils only. 307
Figure 6-28 Dimensions of the metal screen of the Cardiff Mk2 system. The red 

and blue lines show the vertical placement of the excitation and 
detection coils respectively........................................................................ 308

XVI



Figure 6-29 Photographs of the passive reference coil employed in the Cardiff Mk2 
system. The photograph on the right shows the construction of the coils 
while that on the left shows the reference coil in place within an 
excitation coil.............................................................................................309

Figure 6-30 Reference signal distribution system showing 16:1 power combiner....... 310
Figure 6-31 PXI-chassis showing multiplexer and digitisers....................................... 312
Figure 6-32 Block diagram of the measurement system and algorithm of the

Cardiff Mk2 system....................................................................................314
Figure 6-33 Average phase noise for all excitation channels versus the detector coil 

location at frequency 1MHz. Here detector coil numbers 7 and 8 are 
furthest from the excitation coil while detector coil numbers 1 and 14..... 316

Figure 6-34 Values of phase shifts produced by small deep stroke (SD), small
peripheral stroke (SP) and large peripheral stroke (LP)............................. 321

Figure 8-1 The measured conductivity as a function of frequency for five tissue
types found in head applications............................................................... 337

Figure 8-2 The measured relative permittivity as a function of frequency for five
tissue types found in head applications..................................................... 337

Figure 8-3 The measured conductivity of tissue as a function of frequency for six
tissue types found in chest applications.................................................... 338

Figure 8-4 The measured relative permittivity as a function of frequency for six
tissue types found in chest applications.................................................... 338

Figure 8-5 The measured conductivity of tissue as a function of frequency for five
tissue types found in limb applications..................................................... 339

Figure 8-6 The measured relative permittivity as a function of frequency for six
tissue types found in limb applications...................................................... 339

Figure 8-7 Series RC circuit configured as low pass filter........................................... 340
Figure 8-8 Series RC circuit configured as high pass filter.......................................... 340
Figure 8-9 Model of the detector coil as a series LCR circuit...................................... 341
Figure 8-10 Phase of Vo for LCR circuit. The values used for the components for

this particular plot were L=10nH, R=1Q and C=100pF............................ 342
Figure 8-11 Phase of Vo for LCR circuit over the range 100kHz - 2.5MHz (or/2 

for the component values chosen). The solid shown the phase with 
R=1Q while the dashed line shows the phase with R=5Q......................... 343

Figure 8-12 Amplifier in negative feedback loop......................................................... 345

XVII



Glossary of Terms

2l/2D

Absolute imaging

Active 
compensation / 
feedback

ADC

Agar

Bx sensor

CAN

COG

CSF

CT

DAC

DDS

Detection coil

Where sensitivity matrices or models are computed with 
the assumption that the conductivity perturbations are 
invariant in the direction of one of the axes

Imaging the true value of electrical conductivity (in S/m).

A method for reducing the phase error across an amplifier. 
A second, matched, op-amp is placed in the feedback path 
of the amplifier. This then adds an equal but opposite phase 
shift in the amplifier feedback loop.

Analogue to Digital Converter

A gelatinous substance derived from seaweed. Used in BIT 
and MIT research to produce tissue-equivalent phantoms. 
The electrical conductivity of the agar gel may be varied by 
adding amounts of salts (e.g. NaCL, KC1).

A planar array coil geometry in which the detection sensor 
is oriented such that it has minimal sensitivity to the 
primary fields produced by coplanar excitation coils

Controller-area network. This is a bus standard designed to 
allow microcontrollers and devices to communicate with 
each other. Designed originally for automotive applications 
but is now also used in other areas.

(C zero G), another name for the NPO low-temperature 
coefficient capacitor dielectric material

Cerebrospinal fluid (CSF), a clear bodily fluid that occupies 
the subarachnoid space and the ventricular system around 
and inside the brain. CSF has the highest electrical 
conductivity of all human tissues

Computed Tomography refers to a medical imaging method 
employing tomography. Most commonly used for X-ray CT

Digital to Analogue Converter

Direct Digital Synthesis. A method for digitally creating 
sinusoids and arbitrary waveforms from a single, fixed 
source frequency

A coil used to detect the magnetic field in an MIT array

XVIII



Differential 
imaging

DIG

Downconversion

Downconverter

DSP

ECT

EIS

BIT

EMT

EPSRC

Excitation coil

Extracellular fluid

FFT

Forward problem

FPGA

GI

Imaging changes in conductivity based on variations over 
time or between different frequencies

Digital Input Output, pertaining to a device used to produce 
and detect digital signals

Frequency translation by the mixing of two or more 
frequencies is referred to as heterodyne mixing. In the case 
where the output signal is passed through a low-pass filter 
and the output signal frequency is less than the two input 
signal frequencies the process is termed downconversion.

A circuit performing signal downconversion

Digital Signal Processing

Electrical Capacitance Tomography, a method for 
determination of the dielectric permittivity distribution in 
the interior of an object from external capacitance 
measurements.

Electrical Impedance Spectroscopy. Measurements, using 
electrodes, to determine the impedance of a material over a 
range of frequencies

Electrical Impedance Tomography; a medical imaging 
technique in which an image of the conductivity or 
permittivity cross-section of part of an object is 
reconstructed from surface transimpedance measurements

Electromagnetic Inductance Tomography, an alternative 
name for Magnetic Induction Tomography

Engineering and Physical Sciences Research Council. A 
UK Government's funding agency for research and training 
in engineering and the physical sciences

A coil used to produce the primary magnetic field in an 
MIT array

All body fluid outside of cells. The remainder is 
called intracellular fluid

Fast Fourier Transform; an efficient algorithm to compute 
the discrete Fourier transform (DFT).

Computation of the detected signals for a given excitation 
stimulus and conductivity distribution.

Field-Programmable Gate Arrays. A logic device that can 
be configured by the user after manufacture.

Gastrointestinal; pertaining to the gastrointestinal tract

XIX



opm

Haemorrhage

HF

High-conductivity 
MIT

ICH

Ill-posed

Intracellular fluid

Inverse problem

Ischaemia

LCOMIT

LO

Local oscillator

Lock-in detection

Low-conductivity 
MIT

General Purpose Interface Bus, also known as IEEE-488. A 
digital communications bus specification commonly used to 
connect instrumentation to PC workstation

Bleeding. A cerebral hemorrhage (or intracerebral 
hemorrhage, ICH) occurs within the brain .

High frequency, defined as radio frequencies between 3 - 
30MHz

Applications of MIT in which the materials to be measured 
and image have high conductivities, e.g. metals

Intracerebral hemorrhage. Occurs when a blood vessel within 
the brain bursts, allowing blood to leak into the brain tissue

An ill-posed problem is one in which (i) the solution does 
not exist or (ii) is not unique or (iii) is not a continuous 
function of the data.

body fluid found inside cells

Computation of the conductivity distribution from the 
detected signals for a given excitation stimulus

a restriction in the blood supply of tissues, due to problems 
in the associated blood vessels, potentially with resulting 
damage of tissue

"Imaging low-conductivity materials in Magnetic Induction 
Tomography". An EPSRC-funded project due to run 
between 2006 -20 10'

Local oscillator. Here used to describe the 'near frequency' 
signal used in downconversion of the detected signal

See above

Also know and Phase Sensitive Detection (PSD). Allows 
small signals to be precisely measured, in the presence of 
larger non-correlated noise, through the use of frequency 
translation and narrow bandwidth amplification

Applications of MIT in which the materials to be measured 
and image have low conductivities, defined here as 
<30 Sm'1

XX



MIS

MIT

MRI

MUX

MXI-Express

Necrosis

OCXO

Oedema

PAH

Passive electrical 
properties

PCB

PFD

Phase drift

Phase noise

Magnetic Induction Spectroscopy. Magnetic Induction- 
based measurements of electrical impedance taken over a 
range of frequencies.

Magnetic Induction Tomography

Magnetic Resonance Imaging; a medical imaging technique

Multiplexer. Device for multiplexing digital or analogue 
signals

Data bus for intercommunication between instruments in a 
PXI chassis and a workstation. Developed by National 
Instruments

Death of cells or tissue. Caused by external factors 
including infection, toxins, or trauma

Oven-Controlled Crystal Oscillator. A crystal oscillator 
which is placed in a temperature-controlled chamber to 
maintain very high frequency / phase stability

Oedema is a build-up of excess fluid in the body tissues and 
specifically an increase in the extra-cellular volume.

Pulmonary arterial hypertension, a rare progressive disease, 
characterised by abnormally high blood pressure in the blood 
vessels which supply the lungs.

electrical conductivity a, electrical permittivity s and 
magnetic permeability \i

Printed Circuit Board

Primary Field Desensitization. Refers to a design or 
orientatation of a detection sensor to minimise sensitivity to 
the primary magnetic field, while ideally retaining as much 
sensitivity to the secondary as possible.

Apparent variation of measured phase between two signals 
produced by the measurement system, taken over long term 
in comparison to measurement time constant (typically 
defined over periods of minutes or hours)

Short term variation of measured phase between two 
signals produced by the measurement system (typically 
defined over a few seconds)

XXI



Phase skew

Primary field

Primary signal

PSD

PXI

Quasi-static 
approximation

r.m.s.

RS232

SAH

SD

Secondary field

Secondary signal

Sensitivity matrix

Skin depth

Skin effect

Apparent variation of measured phase between two signals 
produced by a change in amplitude, but not in phase, of one 
of the two signals introduced by the measurement system.

The magnetic field generated by the excitation coils

The emf induced in the detection sensor by the primary 
field

Phase Sensitive Detection (see Lock-in detection)

PCI extensions for Instrumentation. This is a standard 
defining software and hardware for a modular 
instrumentation platform. Originally introduced
by National Instruments.

The magnetic vector potential (A) existing in the 
conducting volume is entirely due to the primary field and 
contains no component due to the eddy currents themselves

Root mean square

A standard for serial binary data signals, commonly 
employed to connect computers and peripheral devices 
via serial ports

Subarachnoid haemorrhage is a bleed into the subarachnoid 
space   the volume between the arachnoid membrane and 
the pia mater surrounding the brain

Standard deviation

The magnetic field generated by the eddy currents

The emf induced in the detection sensor by the secondary 
field

A matrix which maps the changes of the conductivity 
distribution within a volume to the changes of the signal 
induced in each of the sensors within an imaging system

The skin depth 8 of an electromagnetic wave is the distance 
in the medium traversed in which the amplitude of the wave 
decreases by a factor of 1/e

The description given to the phenomenon where 
electromagnetic fields, and therefore current, decay rapidly 
with depth inside a good conductor

XXII



SMA/SMB/SMC

SNR

SPICE

TCXO

tPA

USB

Vector chopper

Vector voltmeter

VGA

XO

XOR

Regularization

Tikhonov

Types of coaxial cable connectors suitable for RF signal 
distribution

Signal to noise ratio

a circuitt simulation program for nonlinear dc, nonlinear 
transient, and linear ac analyses

Temperature Controlled Crystal Oscillator, in which the 
oscillator circuitry includes temperature compensating 
components reducing the oscillators frequency vs. 
temperature coefficient

Tissue plasminogen activator, a protein involved in the 
breakdown of blood clots. tPA has been used therapeutically 
to dissolve thrombi in pulmonary embolism, myocardial 
infarction and stroke

Universal Serial Bus, a serial bus standard 
to connect peripheral devices to a host computer.

Method proposed within this thesis in which phase sensitive 
detection is undertaken using a local oscillator signal 
switched between 4 phases, 0°, 90°, 180°, 270°. The 
method proposes to reduce phase drift in the mixer and 
subsequent circuitry and allows vector voltmeter 
measurements using a single mixer.

A device for measuring both the amplitude and phase of a 
signal

Variable Gain Amplifier

Crystal Oscillator

Exclusive Or. Here refers to a a digital logic gate that 
implements exclusive disjunction

Refers to a set of mathematical techniques involving the 
introduction of additional information and constraints in 
order to solve an ill-posed problem

One of the most commonly applied methods 
ofregularization

XXIII



1.Introduction



Chapter 1 Introduction

1.1. Overview

Magnetic Induction Tomography (MIT) belongs to a group of techniques for the non- 

invasive imaging of the passive electrical properties of objects which also includes 

Electrical Impedance Tomography (EFT) and Electrical Capacitance Tomography (ECT).

BIT is the oldest of these techniques, first proposed in the early 1980s [1]. Currents are 

injected via electrodes into the object under investigation, and the resulting electric 

potentials are measured by an array of surface electrodes. Cross sections of conductivity 

and permittivity distributions are then reconstructed from the collected set of four- 

electrode transimpedance data. In ECT, electrodes are again employed, but are utilized hi 

a non-contact mode through an insulating boundary. The capacitance between pairs of 

electrodes within an array is measured to provide data for reconstruction of the 

permittivity distribution within the object. ECT is only applicable to materials with low 

permittivity and negligible conductivity.

MIT is the most recent and least developed of these electromagnetic imaging methods. In 

MIT, magnetic fields from an array of coils, each excited by an alternating current, are 

employed to induce eddy currents within an object. The eddy currents produce a 

secondary magnetic field which is then detected by an array of detector coils. As for EFT, 

cross sections of conductivity and permittivity distributions may then be reconstructed 

from the collected set of four-terminal transimpedance data. MIT has several potential 

advantages relative to BIT and this has raised interest in the technique.

The non-contact nature of MIT measurements means that errors due to variability of 

electrode contact impedances are avoided, a major practical issue in BIT. The coils hi an 

MIT system are typically rigidly attached to a chassis/screen and their positions can 

therefore be more accurately determined and remain fixed. This is advantageous in three 

ways: (i) the greater accuracy and stability can improve image reconstruction; (ii) large 

arrays of coils can be applied to increase the spatial resolution of images; or to allow 3D
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image reconstruction, with no increase in time or effort in the measurement, and (iii) the 

array may be mechanically translated to increase the number of independent measurements.

A second major advantage of MIT is that the magnetic fields employed in MIT for 

excitation and detection easily pass through high impedance boundary layers. For imaging 

of the human head for instance, the skull is a very significant barrier to the injected currents 

used in EFT. MIT, however, has the advantage of being virtually unaffected by the high 

impedance skull, hi industrial applications involving aggressive environments, for instance 

the high temperatures found in metal and glass processing, the MIT sensors and electronics 

may be protected by distance and protective shielding using non-conductive materials.

Applications of MIT may be broadly divided into two categories: high-conductivity and 

low-conductivity. High conductivity applications have dealt primarily with industrial 

processes involving metals which range in conductivity from approximately 6*105 Sm'l 

(Bismuth) to 7xl07 Sm" 1 (Silver) over the temperature range 273 - 373K [2]. Low 

conductivity applications proposed for MIT have so far concerned biological tissues 

(conductivities up to 2Sm" 1) [3], applications involving saline such as seawater in oil 

pipelines (conductivities ~1.7 - 6.0 Sm"1 over the temperature range 0° - 25°C and salinity 

range 20 - 40 g/kg) [2] and molten glass (conductivity range -lOSm"1 to > 3008m" 1 , [4]).

High-conductivity MIT for metal processing has developed most rapidly [5] since the high 

conductivities of metals result in large and easily measurable eddy currents, and also 

because industry is already familiar with methods employing inductive sensors, for instance 

in non-destructive testing applications. The development of MIT for low-conductivity 

applications has been much slower since the conductivities involved are lower by a factor of 

~ IxlO7, resulting in much smaller signals and very challenging instrumentation design. 

Nevertheless, progress in low-conductivity MIT has been made over the last decade.

The first report of a low-conductivity MIT system was by Al-Zeibak and Saunders in 

1993 [6]. This single-channel system operated at 2MHz and used translation-rotation of 

the excitation and detection coils to build up a measurement set for tomographic image
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reconstruction, in this case by filtered back-projection. The images obtained were 

promising but the measurement methodology was subsequently questioned since 

amplitude detection rather than phase sensitive detection was employed. The changes in 

the detected signal amplitude with conductivity were much higher than what would be 

expected by theory for true magnetic field coupling of the eddy currents with the 

detector coil. The paper did however raise interest in MIT.

hi the late 1990s two papers appeared which described the first low-conductivity systems 

operating in true MIT-mode, hi 1997 Korzhenevskii and Cherapenin [7] proposed a 16- 

channel MIT system using a metal field confinement screen and direct phase 

measurement of the detected signals. Images, reconstructed from simulated data using 

filtered backprojection, were presented. This paper marks the first use of the term 

Magnetic Induction Tomography. The system, which operated at 20MHz, was 

subsequently constructed and reported in Korjenevsky et al hi 2000 [8].

hi 1999 Griffiths et al [9] published details of a single-channel MIT system operating at 

10MHz which employed an MRI control console as an excitation signal source and phase 

sensitive detector. The system used dual-phase phase sensitive measurement to measure 

the signal amplitudes. Data was collected using translation / rotation of the sample and 

images were then reconstructed using filtered backprojection. The authors reported that 

the imaginary part of the signal, corresponding to the conductivity of the sample object, 

agreed with theoretical predictions but that the real part of the signal was much larger than 

predicted theoretically, and this was attributed to residual capacitive coupling. This study 

demonstrated that capacitive coupling is a major issue which must addressed in MIT 

measurement, and the necessity for the use of a phase-sensitive signal measurement.

The success of the pilot study of Griffiths et al led this group, which has subsequently 

become known as the South Wales MIT group, to obtain funding from the Engineering 

and Physical Sciences Research Council (EPSRC) for a 3-year project to investigate low- 

conductivity MIT through modelling and single-channel measurements, and to develop a 

multi-channel, fully electronically scanned MIT system. The project, entitled "Magnetic
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Induction Tomography For Biological Tissues", ran between 1999-2002 and resulted in 

the development of the Cardiff Mkl MIT system. A report on the design, development 

and performance of this MIT system, developed exclusively by the author, forms a major 

part of this thesis, specifically chapters 3 and 4. The work reported within these two 

chapters also led to four publications hi conference proceedings and journals [10-13].

hi 2004 a method of primary field desensitization particularly suitable for use in planar 

array MIT systems, a geometry which may have advantages in some applications such as 

vital sign monitoring, was proposed by this author [14]. A single channel system, with 

one static excitation coil and a detection coil which was placed on a moving platform such 

that its position and orientation could be adjusted to provide primary field desensitization, 

was constructed and tested. The method was found to provide effective primary field 

desensitization and very significant reductions in noise and drift hi the detected signal, by 

a factor 40-50, in comparison to the same system adjusted for full sensitivity to the 

primary field. A multi-channel version of the system was subsequently developed by the 

author hi collaboration with Dr Claudia Igney, then of the University of Karlsruhe, in 

2004. Chapter 5 of this thesis provides a detailed report of these investigations. The 

results reported hi this chapter also been published hi three journal publications [14-16].

hi 2006 the South Wales MIT group obtained funding from the EPSRC for a 2nd 3-year 

project entitled "Imaging low-conductivity materials hi Magnetic Induction 

Tomography (LCOMIT)". This project, which is scheduled to run from 2006-2010, is a 

collaboration between three academic partners, the Universities of Glamorgan, Swansea 

and Manchester, and several industrial collaborators including Philips Medical Systems 

and Pilkington. The aims of the LCOMIT project are the further investigation of low- 

conductivity MIT and the development of 2nd generation MIT systems targeted towards 

three main applications: the detection and monitoring of cerebral stroke, (ii) the 

monitoring of glass production processes and (iii) the measurement of the seawater 

fraction in multiphase flow hi pipelines.
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A major objective of the LCOMIT project is the development of a new MIT system, the 

Cardiff Mk2 MIT system, providing the capability of spectroscopic data acquisition 

(within the range 100kHz   10MHz) and measurement precision an order of magnitude 

higher than that available in the Cardiff Mkl. The role of the Cardiff Mk2 MIT system 

prototype within the project is to act as a development and test platform for 

instrumentation (power amplifiers, detector circuits, signal distribution and measurement 

systems) and reconstruction methods suitable for eventual implementation in systems 

developed specifically for each target application. At the time of writing the Cardiff Mk2 

system had just been constructed and had undergone preliminary tests. The results of 

these tests, along with a description of the design and development of the Cardiff Mk2 

system are reported in chapter 6. The development of MIT system hardware for the 

LCOMIT project has been carried out primarily by the author, but some aspects of the 

work have involved collaboration with Dr Christos Ktistis, a research fellow in the 

University of Manchester, and two PhD students at the University of Glamorgan - Mr 

Hoe Cher Wee and Mr Maimaitijiang Yasheng. The contributions of these collaborators 

to the work in the subsequent sections of chapter 6 are acknowledged.

hi summary therefore, this thesis provides a report on the design and development, 

carried out over the period 2000-2009, of the instrumentation employed in three low- 

conductivity MIT systems: the Cardiff Mkl annular array system, a planar array system, 

and the Cardiff Mk2 annular array system.

1.2. Thesis structure

The factors affecting the design and performance specifications of MIT systems in 

general are discussed hi chapter 2, specifically: those related to the physical aspects of 

MIT, those related to the biological and biomedical applications of MIT, and those 

related to other factors, such as previous and current MIT systems design.
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Chapters 3 and 4 describe the work carried out during the development of a 16-channel 

annular array MIT prototype system, the Cardiff Mkl MIT system. The major sub 

systems and components comprising a multi-channel MIT system are shown in the block 

diagram of Figure 1-1. They include: (i) the MIT system front-end comprising excitation 

and detection coils, receiver circuitry, distribution and multiplexing system, (ii) the signal 

measurement system, (iii) the control system consisting of signal generation of auxiliary 

signals for processes such as heterodyne downconversion, a control system for excitation 

and detection channel and signal processing parameter (gain, filtering) selection and an 

interface for data acquisition and (iv) an image reconstruction system comprising 

hardware and software for forward modelling and inverse problem solution.

Excitation amplifier and coils

Receiver circuits and coils

Signal distribution system

Figure 1-1 Block diagram of the major components of a multi-channel MIT system

In Chapter 3 the target specifications for the design and performance of the Cardiff Mkl 

system are selected and listed. The details of the design, development and testing of the 

individual system components including signal sources, receiver circuits and coils,
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excitation amplifiers and coils, and signal distribution and measurement systems, which 

were employed in the Cardiff Mkl MIT system, are described.

Chapter 4 then describes the design, development and performance of the full 16- 

channel Cardiff Mkl MIT prototype system and details the design of the chassis / 

screen, coils and coil array, signal distribution systems and control and measurement 

software. The results of measurement of the performance of the full system are 

described and system characteristics such as phase noise, phase drift, niter-channel 

cross-talk, temperature sensitivity of receiver components and capacitive coupling 

between excitation and detection coils are discussed. The chapter concludes with two 

sections, one detailing the results obtained from measurements from saline samples and 

in vivo measurements of the human head and thigh, and another describing two imaging 

studies. The first of these was of a simple two-compartment model of haemorrhagic 

stroke using a saline-filled tank and agar gel. The second study involved in vivo imaging 

of the human thigh along with calibration images of beakers of saline.

Details of the development of the forward model and image reconstruction employed to 

reconstruct images with the Cardiff Mkl system are outside the scope of this thesis but a 

brief description of the reconstruction algorithm employed is given in section 4.12.1.

Chapter 5 deals with techniques for reducing the sensitivity of the detection coils to the 

primary field - primary field desensitization - and the resulting impact of such methods 

on MIT system measurement precision. Primary field desensitization by coil orientation 

is discussed in detail, and (i) a single channel system and (ii) a multi-channel planar 

array MIT system utilising this method, are described and discussed.

The topics covered by chapter 6 are the MIT hardware development work carried out to 

date during the EPSRC-funded project "Imaging low-conductivity materials hi 

Magnetic Induction Tomography (LCOMIT)" and the development a new multi- 

frequency, 14-channel annular array MIT prototype system, the Cardiff Mk2 MIT 

system. The aims and objectives of the LCOMIT project are discussed, and hardware
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development related to demodulation schemes, direct digitisation methods, a fast FPGA- 

based data acquisition system and phase stabilisation techniques are discussed. The chapter 

concludes with the description and discussion on the design and performance of the Cardiff 

Mk2 MTT system. Finally, chapter 7 provides a summary and a discussion of future work.

1.3. Collaborating Institutions and Authorship

The work described hi chapter 3 and 4 was carried out during an EPSRC-funded project 

into biomedical MTT (Magnetic Induction Tomography for Biological Tissues, grant 

references GR/M45504, GR/M48161, GR/M47898). This project was a collaboration 

between the following institutions:

  School of Electronics, University of Glamorgan

  Dept. of Physics and Astronomy, University of Wales, Cardiff

  Dept. of Medical Physics, Singleton Hospital, Swansea

All of the instrumentation development work described hi these chapters however was 

carried out exclusively by the author.

The work described in chapter 5, sections 5.3 was carried out exclusively by the author. 

The work described in section 5.4 resulted from a collaboration between the author and 

Dr Claudia Igney, then a PhD student at the University of Karlsruhe. Dr Igney carried 

out this work with this author at the University of Glamorgan over a 6-month work visit 

hi 2003 funded by the German academic exchange programme (Deutscher 

Akademischer Austausch Dienst, DAAD). The approximation relative contribution of 

the author to the work described hi this section was 50%.

The work described in chapter 6 was carried out during an EPSRC-funded project into 

low-conductivity MIT (Imaging low-conductivity materials in Magnetic Induction 

Tomography - LCOMIT, grant references EP/E009697/1, EP/E009832/1, EP/E009158/1). 

This project was a collaboration between the following academic institutions:
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  Faculty of Advanced Technology, University of Glamorgan

  Institute of Life Science Medical School, Swansea University

  Dept. of Electrical and Electronic Engineering, University of Manchester

All of the instrumentation development work described in section 6.3.1 was carried out 

exclusively by the author.

The work described in section 6.3.3 was carried out in collaboration with Dr Ralf Patz 

of the Faculty of Advanced Technology, University of Glamorgan and Dr Christos 

Ktistis of the Department of Electrical and Electronic Engineering, University of 

Manchester. The relative contribution of the author to the work was approximately 50%. 

The specific contributions of the author to the design of this FPGA-based system were: 

design and schematic capture of FPGA section, configuration section, memory, 

microcontroller and DDS signal generator sections.

The work carried out and described in section 6.3.2, 6.4.1, 6.4.2, 6.4.3 and 6.5 were 

carried out in collaboration with Mr HC Wee, a PhD student and research assistant at 

the Faculty of Advanced Technology, University of Glamorgan. The relative overall 

contribution of this author to the work was approximately 50%. The specific 

contributions of this author to this work were: design and construction of all excitation 

and detection circuits used in Cardiff Mk2 system, design and construction of signal 

distribution hardware (e.g. phase stable cabling, reference signal systems), development 

of concept of active / passive reference phase tracking and overall design of the Cardiff 

Mk2 MIT system. Mr HC Wee was responsible for all measurement and control 

software development for all measurements described in these sections and for the 

Cardiff Mk2 MIT system. All performance measurements described were carried out 

jointly by the author and Mr HC Wee.

10
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1.4. Objectives of the project and original contributions to 
knowledge

The objective of this work was to develop MIT systems with a performance level 

approaching that required for low-conductivity medical and industrial applications 

including the detection of haemorrhagic cerebral stroke and the imaging of multi-phase 

flows in oil pipelines. The specification, design and performance therefore of three 

novel low-conductivity MIT systems are described and are discussed in relation to the 

target applications.

As regards the original contribution to knowledge represented by this study, they may be 

summarised as follows:

The Cardiff Mkl single-frequency MIT system was only the second multi-channel MIT 

system to be constructed, the first low-conductivity MIT system which allowed measurement 

of both real and imaginary signal components, and provided a substantially higher 

measurement precision (by a factor of 6) than the previous system, with a phase noise of 

17m° for 30ms time constant. This system was employed to obtain the first (i) detailed 

measurements of the real and imaginary component magnitudes of the MIT signal as a 

function of conductivity to determine residual capacitive coupling and the breakdown of the 

quasi-static approximation, (ii) in-vivo measurements and images of the human thigh and (iii) 

obtain in-vitro measurements and images of a simple model of haemorrhagic stroke.

The planar array system described employed a novel coil geometry which provided a very 

significant reduction in phase noise and drift through the use of coil orientation. The 

mechanism through which primary field desensitisation reduces phase noise is 

investigated and described in detail, in the context of MIT, for the first time to the 

author's knowledge.

Finally, the design of the Cardiff Mk2 multi-frequency system incorporated several novel 

features which had not previously been employed in MIT systems including: the use of

11
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ultra-phase-stable receiver amplifiers employing active feedback, low phase drift passive 

reference networks and phase tracking active reference networks. The use of these novel 

techniques hi the Cardiff Mk2 system provided an order of magnitude improvement in 

measurement precision in comparison to the Cardiff Mkl system with phase measurement 

precision of l.lrn0 - 8m° over 10MHz -0.5MHz, SNR for in vivo human head 

measurements estimated at 59dB - 16dB over the same frequency range and phase drift of 

<10m° over periods of up to 12 hours.

12
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2.The design of MIT systems for low- 
conductivity (^OSm"1) applications
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2.1. Introduction

hi this chapter the factors affecting the design and performance specifications of low- 

conductivity MIT system will be critically reviewed. Low-conductivity MIT is here 

defined as applications of MIT in which the conductivities of the materials under 

investigation are < 30 Sm" 1 . The common range of conductivity found in biomedical 

and low-conductivity industrial applications allows generic techniques and 

instrumentation to be employed. The practical operating frequency bandwidth for low- 

conductivity MIT systems is discussed in detail in section 3.2.2 and for this project it 

was assumed to be in the range 0.3   30MHz.

Relevant factors may be broadly collected in three categories: those related to the 

biomedical and industrial applications of MIT, those related to the physical aspects of 

MIT, and those related to the design and results obtained by MIT systems described in 

previously published work. Following this categorisation the chapter is sub-divided 

into the following sections:

  Physical aspects of MIT

  Biomedical applications of MIT

  Industrial applications of MIT

  MIT systems described in previous and contemporary studies.

2.2. Physical aspects of MIT

The principle of operation of MIT may be described as follows. A sinusoidal alternating 

current I is passed through an excitation coil thereby producing a magnetic field termed 

foe primary magnetic field B (figure 2.1).

14
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Excitation 
coil

betecjtion 
coil 'X

Figure 2-1 Primary magnetic field B (shown as dotted lines) created by the excitation coil

The magnetic field B produced at a point P by an excitation coil will be described by the 

Biot-Savart law:

dlxr0
J/

2-1

where u<> is the magnetic permeability of free space, /is the current flowing within the coil, 

dl are the line elements into which the coil is discretised, r is the distance from a line 

element to the point P and r<j is the unit vector from the coil element to the point P.

It can be seen from equation 2.1 that the magnitude of B is proportional to the applied 

current but is independent of the frequency, and will also depend on the geometry of, 

and relative displacement from, the excitation coil.

This alternating primary magnetic field B will then induce an electric field E which will 

in turn generate eddy currents with current density J within any object with non-zero 

conductivity. The relation of the electric field E and current density J to the primary 

magnetic field B will be described by Maxwell's equations.

15
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V.B - 0 2-3

VxH = J + —— 2-4
dt

dt

where H is the magnetic intensity, D is the dielectric displacement and p is the volume 

charge density.

For a linear isotropic medium the supplementary equations are:

2-6

B = fM 2-7

J = OE 2-8

where £is the electric permittivity, // is the magnetic permeability and <ris the electrical 

conductivity.

Taking the divergence of 2.4 gives

16
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2'9

The relation on the left will be zero such that, after substituting 2.6 and 2.8 into 2.9, we 

may write

= 0
dt

Since sinusoidal excitation signals will be used, we may replace the time derivative with 

ja> giving

2"n

Equation 2.1 1 may then be rewritten as

VJT = 0 

With JT the total eddy current density and with

JT = Jc + JD = (o—

Where Jc is the conduction current given by

T *ir 2'14 Jc =oE

and JD is the displacement current given by

d(grg0E) 2-15 JD = ^^

The applied alternating primary magnetic field thus creates an electric field, the curl of 

which is equal to the time derivative of the applied magnetic field (equation 2.5). This 

electric field then drives the induced eddy currents JT in closed loops within a 

conductive object as shown in figure 2.2.

17
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"'"••••-... Eddy currents

Excitation 
coil

b'etecjtion 
coil N

Figure 2-2 Induced eddy currents 

The eddy current density Jj will have two components:

  The conduction current density Jc which is in phase with the electric field and 

with a magnitude directly proportional to the conductivity of the material

  The displacement current density JD which is in quadrature with the electric 

field and with a magnitude directly proportional to the permittivity of the 

material and to the frequency of the applied magnetic field

JT will then produce a secondary magnetic field AB with a magnitude proportional to JT and 

independent of the frequency (equation 2.1). Again this may be considered to contain two 

components - one due to Jc and one due to JD. Thus, the induced eddy currents will have 

real and imaginary components which depend on both <r and e, and measurement of these 

electrical properties is therefore accessible by MIT measurements.

The received signal at the detection coil of an MIT system can be represented hi a 

phasor diagram as shown in

Figure 2-3. Here V is the primary signal produced in the detector coil by the primary 

magnetic field B and AV is the secondary signal produced in the detector coil by the

18
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secondary magnetic field inquadrature, with the magnitude of both V and AV governed 

by equation 2-5. The total received signal V+AV lags the primary signal V by an angle

9.

Re(AV)

Im(AV)

Figure 2-3 Phaser diagram showing the total received signal (V+AV) and the received signal 
components due to the primary magnetic field (V) and secondary magnetic field (AV)

The solution of equation 2-5 typically requires the use of numerical methods for all but the 

simplest of problem geometries. A simplified solution for the relative magnitudes of B and 

AB based on the derivation of a closed solution using the quasi-static approximation for a 

cylindrical sample placed coaxially between two small coils was given Griffiths et al [5].

AV AB . 2-16— -^ —— ^PMJUQ ((o £Q£r -Ja) +Q(jur -1)
V D

where P and Q are geometrical constants.

Here, a quasi-static approximation does not imply that the displacement currents are to 

be ignored. Rather, the approximation is that B is the applied magnetic field for the 

purposes of solving Maxwell's equations and will contain no contribution from the 

induced currents. AB is computed afterwards from the solution.

The above definition of quasi-static approximation also implies that the skin depth 8 of the 

electromagnetic field within the object given by:
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must be much greater than the thickness of the object. The skin depth decreases with 

increasing frequency and with increasing conductivity. An upper frequency limit 

therefore exists both for practical MIT measurement due to excessive attenuation, and for 

the use of quasi-static approximations in forward modelling. This frequency limit will 

depend on the geometry of the MIT systems and of the samples. No definitive limits have 

been published because the importance of the skin effect, and the validity of the use of 

quasi-static or the neccesity to use a full solution of Maxwells equations, will depend on 

the specific problem being studied and the accuracy required.

From equation 2.16, the following characteristics should be seen in the received MIT 

signal in the quasi-static approximation:

  the conduction currents produce a component of the received signal which is 

proportional to the conductivity and frequency, and which lags the primary 

signal by 90°

  the displacement currents produce a component of the received signal which is 

proportional to the permittivity and to the square of frequency and which is in 

phase with the primary signal

  a non-unity relative permeability results in a component of the received signal 

which is independent of frequency and in phase with the primary signal.

The relationships described above show that MIT signal measurement requires the use 

of a phase sensitive detection method. The received signal component due to the 

conduction currents on which the information about the conductivity distribution will be 

impressed will be in-quadrature to the primary field signal. This implies that magnitude 

measurement of the detected signal only would be a very insensitive means of acquiring 

conduction current data. In relation to

20
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Figure 2-3, a change in the induced conduction current, and thus of Im(AV), of 1% for 

instance would result in an increase in the received signal amplitude by a factor of just

(0.01)2 = 1.00005.

The MIT received signal is also expected to display a very strong frequency dependence. 

For a sinusoidal excitation field the amplitude of the conduction eddy currents will be 

directly proportional to its frequency CD. The secondary magnetic field generated by the 

conduction eddy currents will also therefore be proportional to co. This frequency 

dependency is made even more pronounced if a coil is employed as the detection sensor, 

since this also relies on induction of a voltage within the coil. The received signal due to 

the eddy currents AV, which contain the information on the conductivity distribution 

required, will therefore be proportional to eo2 .

This strong frequency dependency will complicate multi-frequency and low-frequency 

MIT system design. As the frequency is reduced, the amplitude of AV will rapidly 

decrease making accurate measurement of AV increasingly difficult. A number of 

techniques will be discussed in Chapters 5 and 6 which may be employed to address the 

performance limitations introduced by the frequency dependency inherent in MIT.

MIT systems will therefore be required to operate within a restricted frequency range 

which will depend on the object being imaged. For high-conductivity materials such as 

metals, the operating frequency can be of the order of a few kHz due to the very high 

values of c and thus AV.

For low-conductivity materials however, such as biological tissues, the conductivities will 

be many orders of magnitude lower than those of metals. For this reason low-conductivity 

/ biomedical MIT systems will need to operate at higher frequencies in order to obtain 

useable SNR values. Even at a frequency of 10 MHz for instance, the secondary signal 

obtained from biological tissues is typically only about 1% of the magnitude of the 

primary signal, i.e. Im(AV/V) ~ 0.01 [9]. The specific frequency range employed for

21



Chapter 2 The design of MIT systems for low-conductivity (^OSm' 1 ) application

biomedical MIT systems in particular depends on factors including the electrical 

properties of the biological tissues to be imaged, and the specific medical application to 

which MIT is applied. These factors will be discussed in the following section.

2.3. Biomedical applications of MIT

2.3.1. The passive electrical properties of biological tissue

Biological tissues are extremely complex in their chemical composition, physical 

structure and function. It is therefore unavoidable that a degree of simplification and 

generalisation must be introduced in any discussion of their electrical characteristics. 

Only the passive electromagnetic material properties of tissues will be considered here, 

that is their electrical conductivity, electrical permittivity and magnetic permeability.

Human tissues are diamagnetic or weakly paramagnetic with magnetic susceptibility 

values ranging from -9.05 x 10"5 for soft tissue / water to ~0 for liver with a heavy iron 

overload [17]. The values and variation of magnetic susceptibility in human tissues are 

very small and will therefore not be considered within this study.

All tissues are composed of cells. Each cell is enclosed by a cell membrane, composed of 

a double layer of phospholipid molecules with proteins interspersed. Inside the cell is the 

cytoplasm, a gel-like fluid (the intracellular fluid) which acts as a medium for chemical 

reaction and communication and as a support platform for organelles - structures which 

provide the biochemical 'machinery' required to sustain the cell. Also inside the cell is the 

nucleus, containing DNA and RNA. Outside the cell membrane the cells are held together 

by a collection of proteins and carbohydrates that forms the extracellular matrix, also 

known as connective tissue, and are bathed in fluid   the extracellular fluid.

The above description can be simplified further to provide the following basic model of 

tissue: the cell is composed of an electrolyte, the intracellular fluid, surrounded by a 

highly resistive barrier, the cell membrane, and tissues are composed of an aggregate of 

such cells surrounded by a second electrolyte, the extracellular fluid. In terms of electrical
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properties, the model contains both resistive elements (the resistance of the extracellular 

and intracellular fluids and of the cell membrane) and reactive components, from the 

capacitance of the cell membrane. A tissue sample therefore will display both a 

conductance and a capacitance.

If we place a sample of material with conductivity a between two parallel electrodes each 

with a surface area A and a separation distance between them jc, then treating the sample 

as an ideal conductor the conductance G of the sample will be

~ ACT 2-18 G» = ——

If we then place a sample of material with permittivity £ between the same plates and treat 

the sample as an ideal insulator, then the capacitance C of the the sample will be

„ As 2-19 C/ — ——

Tissue can then be modelled as a parallel combination of a conductance and capacitance, 

in a Debye model [18]. The complex admittance Yc of the tissue sample and its complex 

conductivity ac may then be defined as

., _ , ^ X\, . . A 2-20 Yc = G + jcoC =—(o- + jG)s) =—crc

, ; 2-21= cr + ja>£

An expression for the complex capacitance Cc may also be derived as

„ _YC _A,-jo- , ^ ^ X _A „_ - 2-22
JO) X 0) X

with the complex permittivity sc defined as
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Sc =£r - 2-23

The complex conductivity and complex permittivity are therefore interdependent and will 

be related by:

crc =
2-24

The cell membranes thus play a major role in determining the complex electrical 

impedance of tissue. The implication here is that the electrical impedance of tissue will 

be sensitive not just to the material composition of the tissue, but to the structure of 

tissue at the cellular level. This provides the basis of bioimpedance measurement to 

provide useful diagnostic information through tissue characterisation.

2.3.2. Frequency dependency of tissue conductivity and permittivity

The cellular structure and substructure of biological tissues introduces dispersion into 

the measured permittivity and conductivity. Each polarisable entity within tissue will 

introduce a frequency dependency into the observed permittivity which may be 

described by the following Debye equation [19]:

where Eh is an upper frequency limit at which the polarisation is considered to be unable 

to respond to the electric field, ss is a low frequency limit where the polarisation is 

considered to be fully manifest, and T is the relaxation time of the polarisation. The 

corresponding frequency dependent expression for the complex conductivity a(co) is
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where ah and as are the values of conductivity corresponding to the upper and lower 

frequencies of the dispersion as for SH and ss.

Within biological tissues more than one polarisable entity would be expected, each with 

differing relaxation times and multiple dispersions in the measured permittivity and 

conductivity within tissues are observed. An example of such behaviour is given in Figure 

2-4, showing dispersive behaviour in the measured relative permittivity of bovine liver 

[20]. Three major dispersions can typically be observed which have been labelled the a, p 

and Y dispersions, occuring in the low frequency, radio frequency and microwave 

frequency ranges respectively [21]. The a dispersion is considered to be caused by 

relaxation in the counterion atmosphere surrounding the charged cell membrane surface, 

and the (3 dispersion by a Mawell-Wagner relaxation, an interfacial relaxation process 

occuring in materials containing boundaries between two different dielectrics [22]. The y 

dispersion is due to the relaxation of free water within tissues [19].
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1.E+07 
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1.E+05 

1.E+04 
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1.E+00

a

1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08 1.E+09 1.E+10

log f (Hz)

Figure 2-4 The measured relative permittivity of bovine liver tissue as a function of frequency [3]
with the major dispersions labelled

A corresponding variation of the conductivity of tissues with frequency is also observed 

and Figure 2-5 shows a plot of the measured conductivity with frequency with data 

obtained from the same bovine liver sample employed in Figure 2-4 [3].
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Figure 2-5 The measured conductivity of bovine liver tissue as a function of frequency [23]

When the Debye model of equations 2-25 and 2-26 are applied to experimental data 

however, the fit is poor. In particular the widths of the dispersions are greater than 

expected and the value of the imaginary part of s is too low [24].

To provide more accurate modelling, a modification of the Debye equation 2-25 was 

introduced on an empirical basis by Cole and Cole [25]

^*/^..\_^ £s ~ g/7 2-27

where a is an empirically derived variable.

Two physical interpretations for the factor a which have been proposed are that the 

observed widening of dispersions is an indication of multiple Debye-type dispersions 

with a distribution of simple relaxation times, or that the fundamental charge transport 

and dipole-reorientation processes are cooperative in nature and that, as the degree of 

cooperation increases, a becomes non-zero [18].

26



Chapter 2 The design of MIT systems for low-conductivity (^OSm'1 ) application

A similar equation which models the complex impedance Z of tissues is the Cole 

equation [25]:

2-28
\l-a

where Rh and Rs is are the upper and lower frequencies of the dispersion as described 

previously. A convenient and informative representation of the above relation is the 

Cole plot [25] shown in Figure 2-6 in which the real component of the impedance 

Re(Z(co)) is plotted against the imaginary component Im(Z(co)).

CO C = 27lfc

^\Increasing frequency

Re(Z(to))

Figure 2-6 The Cole plot

The Cole equation may be employed on a purely empirical basis. It may alternatively 

be used to attempt to attribute physical significance to the parameters RH, Rs, a, (derived 

from the angle 6 shown hi Figure 2-6 by 6 = (1 - a) 7t/2), and the characteristic 

frequency fc = l/(27ri) at which the maximum Im(Z(co)) is achieved (Figure 2-6). The 

Cole equation may also be used in deriving an equivalent circuit model of tissue and to 

attribute physical significance to the circuit components [26]. An example of a circuit 

model with behaviour corresponding to the Cole equation is shown in Figure 2-7.
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RC
(R g -Rh)

ZCPA

Figure 2-7 A circuit model with impedance locus corresponding to Cole equation

Here ZCPA is an empirically derived impedance termed a "constant phase angle 

impedance" with the form [26]

-CPA -'
?s2 2-29

Physical properties are then attributed by some authors to the circuit model, with for 

instance the extracellular resistance Re related as Re = Rs and the intracellular resistance 

Ri related as Ri = RsRh/(Rs-Rh) [27]. Me Adams and Jossinet [26] however conclude that 

since biological tissues and interfaces are distributed and vary in space, it is unlikely 

that these properties can be isolated and represented by circuit elements, even if non- 

standard elements such as ZCPA-

The permittivity and conductivity of biological tissues thus vary with frequency, and 

this variation will differ between different tissue types and with tissue status (e.g. 

normal versus ischaemic, oedematous or necrotic) due to differences in tissue material 

composition and structure. This allows, in principle, tissue characterisation by means of 

Electrical Impedance Spectroscopy (EIS), employing the derivation of the Cole 

parameters CT S, crh, fc and ot for the tissue, for instance, from the measured conductivity 

and permittivity data over a range of frequencies.
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2.3.3. Conductivity and permittivity values in human tissues versus 
frequency (IkHz - 100MHz)

The variation of electrical conductivity with frequency in biological tissues will have 

major implications as to the suitable operating frequency limits of electrical impedance 

measurement and imaging systems for a given application. These limits are likely to be 

determined by the contrast in conductivity and permittivity between different tissues 

types and between different states (e.g. ischaemia) within the same tissue type over a 

particular frequency range.

To allow comparison of the conductivity and permittivity of biological tissues over a 

relevant frequency range data was extracted from an on-line database [28] and is shown 

in Appendix A. The database computes the conductivity and permittivity values for a 

given tissue type and frequency utilising the parametric model developed by Gabriel et 

al [20]. The frequency range considered is IkHz - 100MHz and tissue types have been 

grouped together by body region or application, with three applications considered - 

head (Figure 8-1 and Figure 8-2) , chest (Figure 8-3 and Figure 8-4) and limb (Figure 

8-5 and Figure 8-6). The parameter values used in the model were derived from 

measurements carried out by Gabriel et al [3] using excised tissue derived from human, 

ovine and bovine sources, labelled as human, Ov and Bov in the figures. Reference to 

the data shown in figures Al - A6 will be made later in this chapter.

A graph of conductivity versus frequency for the head application, taken from appendix 

A, is reproduced in Figure 2-8. The data was collected for blood (ovine), CSF (human), 

Dura (ovine), grey matter (ovine) and white matter (ovine).
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Figure 2-8 The measured conductivity as a function of frequency for five tissue types found in head
applications

It can be seen from the above figure that significant contrast exists between tissue types 

as regards the absolute value of their conductivity across the frequency range, with the 

conductivity values at 10MHz for the five tissue types: blood, Cerebrospinal fluid 

(CSF), dura, grey matter and white matter 1.1 Sm"1 , 2.0 Sm" 1 , 0.5 Sm" 1 , 0.3 Sm'1 , and 

0.2 Sm" 1 respectively. The level of contrast (350% / 500%) between blood and grey / 

white matter respectively is of particular importance for the application of MIT to the 

detection of haemorragic cerebral stroke which will be discussed in section 2.3.7.3. This 

level of contrast is one of the major justifications for the application of both EIT and 

MIT to the detection and monitoring of cerebral stroke.

A second potentially useful characteristic which may be observed from Figure 2-8 is 

that the conductivity of each tissue type varies with frequency in different ways. This 

can be seen very clearly if the conductivity values are normalised to the value at one 

frequency, for example 1MHz as shown in Figure 2-9. Little variation of conductivity 

with frequency over the range IkHz - 100MHz is observed for CSF, while a large 

variation of over 300% is observed for both grey and white matter. Blood and dura 

display intermediate values of increased conductivity between IkHz and 100MHz of
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180% and 150% respectively. Blood can also be seen to display a dispersion with a 

characteristic frequency centred at ~2MHz.

- * - • blood (Ov)
-•— CSF (human)

-o- Dura (Ov)
- •*- • Grey matter (Ov)
-*— White matter (Ov)

1.0E+03 1.0E+04 1.0E+05 1.0E+06 1.0E+07 1.0E+08

Frequency(Hz)

Figure 2-9 Conductivity, normalised to value at 1MHz, as a function of frequency for five tissue
types found in head applications

Multi-frequency measurements therefore offer the potential to enhance the 

discrimination between different tissue types based on their differing dispersive 

behaviour. For the application of the detection and monitoring of haemorrhagic stroke, 

it appears feasible, for instance, to fit Cole parameters to measured data to attempt to 

highlight the distribution of blood in image reconstructions while suppressing 

contributions from CSF, white matter and grey matter.

2.3.4. Other factors influencing tissue conductivity and permittivity

2.3.4.1. Temperature

Both the permittivity and conductivity of biological tissues vary with temperature. The 

observed temperature coefficients, however, also vary with frequency and between 

different tissue types, with a permittivity range of -2.2%°^ to +3.0%°C"1 and a
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conductivity range of-3.6%°C' 1 to +4.9%°C1 between 100kHz and lOGHz [29]. Below 

400MHz the typically range of temperature coefficients for conductivity is l%-3% 

[29]. Temperature is therefore a parameter which should be considered and specified in 

measurements of the dielectric properties of tissues, in particular when these 

measurements are carried out in vitro, where the ambient temperature may be 

significantly different from body temperature.

2.3.4.2. Temporal

The electrical impedance of biological tissues may vary over time due to physiological 

process such as respiration, blood perfusion and propagation of nerve action potentials.

Respiration produces large conductivity changes in lung tissue of the order of 100% 

between inspiration and expiration in the range 0.08 - 0.31 Sm" 1 (IkHz - 100MHz) for 

inflated lung to 0.22 - 0.56 Sm" 1 for deflated lung [3].

Blood has a conductivity in the range 0.7 - 1.2 Sm" 1 which is significantly higher than 

for brain tissues (grey and white matter) and lung. Variation in conductivity of an organ 

would therefore be expected due to replacement of the tissue by blood. Such perfusion 

changes are of the order of 3% in the lung [30] and 2% in the brain [31].

The impedance of neural membranes decreases due to depolarisation as the ion channels 

open. An impedance change should therefore be observable hi tissues with a high 

proportion of nerve cells such as white and grey matter, although the observed values 

are small, of the order of 0.1% [32].

Cyclic short term changes such as the menstrual cycle [33] and seasonal cycles [34] 

may produce some small but measurable variations in tissue electrical impedance. 

Longer term changes due to degenerative disease certainly cause very significant 

changes in impedance. Oedema for instance, discussed in more detail below, is 

associated with many degenerative diseases including deep vein thrombosis, congestive 

heart failure, cirrhosis, malnutrition and diabetes. Muscle atrophy due to degenerative
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neuromuscular disease such as amyotrophic lateral sclerosis (Lou Gehrigs disease), 

muscular dystrophy [35], conditions such as diabetes and rheumatoid arthritis, and 

injury would also be expected to produce a pronounced change in in vivo measurements 

of tissue impedance relative to that subject's 'normal' state.

The longest term physiological change, aging, brings changes to skin texture and its 

electrical impedance [36] and to the amounts and structures of tissues including muscle, 

fat and bone which will also have a significant influence on in vivo measurement of 

tissue electrical impedance.

Finally, the dielectric properties of tissue change after metabolism ceases, either after 

death or extraction of the tissue. The tissue will then undergo the processes of ischaemia 

and subsequently necrosis, and these are described in section 2.3.5.

2.3.4.3. Anisotropy

Tissues such as bone and skeletal muscle display significant anisotropy as regards their 

electrical impedance. Skeletal muscle for instance is composed of bundles of long fibres 

resulting hi very different resistivity for current passing through the muscle in a direction 

longitudinal or transverse to the fibres. A study carried out on skeletal muscle by Burger 

and van Dongen [37] found that resistivity in the transverse direction was up to 10 times 

greater than for the longitudinal direction. An identical result was obtained for skeletal 

muscle by Epstein and Foster [38] at audio frequencies, but at 1MHz they reported that 

the conductivites in both directions approached a common value of 0.88m" 1 .

2.3.5. Oedema, ischaemia and necrosis 

2.3.5.1. Oedema

Oedema is a build-up of excess fluid hi the body tissues and specifically an increase in the 

extra-cellular volume. Mechanisms which produce such fluid shifts include pressure 

increase within the blood vessels causing fluid to shift from blood vessels into tissues and
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a reduction in the amount of proteins in the blood causing water to shift out of the vessels 

to equalise osmotic pressure with the blood stream. Causes of oedema include (i) heart 

failure leading to pulmonary oedema, (ii) kidney, liver and thyroid disease resulting in 

generalised oedema, (iii) venous insufficiency producing a pooling of blood in the legs 

which results in lower limb oedema, (iv) mechanical injury to the head leading to cerebral 

oedema and (v) lymphoedema which results from obstruction of the lymphatic vessels 

caused by infection or as a side effect of surgery.

Since oedema represents an increase hi the extracellular volume it would be expected 

that using the Cole model, the result would be a decrease in Re (see page 28) due to the 

greater volume of extracellular fluid and the corresponding increase in the area between 

cells in which current may flow, and an increase in the characteristic frequency. Little 

published data on the frequency characteristics of oedematous tissue is available 

however. Walker et al [39] produced a finite element model of urothelium and 

underlying superficial lamina propria and used this to examine the electrical properties 

of this tissue when subjected to changes due to malignancy, oedema and inflammation. 

The model used three levels of oedema and predicted that the tissue conductivities were 

in the range 0.188m"1 (no or little oedema) - 0.58m"1 (severe oedema) at frequencies up 

to 10kHz. A significant dispersion was observed above this frequency however and 

above 100kHz the range of predicted tissue conductivities was of the order 0.658m" 1 (no 

or little oedema) - 0.858m"1 (severe oedema). Measured data also showed an increase 

hi tissue conductivity with increasing frequency but the observed dispersion was much 

less pronounced and the observed conductivity range values were 0.208m"1 (no or little 

oedema) - 0.388m" 1 (severe oedema) at 100kHz and 0.338m"1 (no or little oedema) - 

0.568m" 1 (severe oedema) at 614kHz.

2.3.5.2. Ischaemia

Ischaemia is defined as insufficient blood flow and therefore of oxygen (hypoxia) and 

nutrients to tissues resulting in impeded metabolic function of cells. Cells keep their 

volume and protein content constant by using metabolic energy to counterbalance the
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osmotic pressure produced by the extracellular concentration of sodium. This is 

achieved through the continuous extrusion of sodium ions from the intracellular volume, 

hi ischaemia insufficient nutrients are obtained to ensure the correct functioning of this 

process and sodium and chloride ions leak into the cell. As the concentration of sodium 

and chloride increases within the cell, the cell draws water from the extracellular 

compartment into the intracellular compartment. This results in a swelling of the cell 

and reduction hi the extracellular volume.

Ischaemia is caused by constriction or complete blockage of the blood supply to 

affected organs, hi the heart, ischaemia of cardiac tissues leads to angina pectoris with 

underlying causes of blood supply insufficiency including artherosclerosis, 

thromboembolism and tachycardia. Ischaemia hi brain tissue may cause transient 

ischaemic attack or ischaemic stroke, typically caused by occlusion of a blood vessel 

supplying the brain.

Measurements of the frequency-dependent complex impedance Z(co) of biological 

tissues typically show an increase in tissue resistivity at low frequencies and a decrease 

hi the characteristic frequency. Osypka and Gersing [40] found that ischaemia hi heart 

tissue, applied over a 90 minute period, resulted in a increase hi resistivity from 

700Qcm to ISOOQcm at frequencies below IkHz and a decrease hi the characteristic 

frequency from 100kHz down to 5kHz. Little difference hi tissue impedance between 

ischaemic and non-ischaemic tissue above 100kHz was observed hi this study. Similar 

behaviour has been observed for liver, kidney [41] and cerebral [42] tissues. This 

behaviour is attributed to ischemia induced cell swelling resulting in a reduction in the 

extracellular volume and the closure of intercellular (gap) junctions.

2.3.5.3. Necrosis

Necrosis (cell death) may be caused by injury, infection, cancer or may be the 

culmination of ischaemia (infarction). Necrosis leads to a breakdown in tissue cellular 

structure and membrane function and significant changes in the electrical characteristics
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of tissue undergoing necrosis may therefore be expected. The loss of cellular structure 

would suggest that the largest and earliest changes would take place at low frequencies 

corresponding to the p-dispersion region, and this behaviour was observed in 

measurements of the frequency-dependent dielectric properties of tissues (liver, kidney 

and spleen) as a function of time following death [43]. The study of Surowiec et al [43] 

found however that the conductivity also increased post-mortem for all frequencies in the 

range 10kHz - 100MHz with the largest changes observed for spleen and liver (-100% 

maximum change at 20kHz reducing to -40% at 10MHz for liver).

2.3.6. Advantages / disadvantages of MIT vs EIT

2.3.6.1. Comparative potential advantages and disadvantages

If MIT is considered as a non-contact form of EIT, then many of the clinical 

applications suggested for EIT may also be suitable for MIT. The selection of an MIT 

system over an EIT system for a particular application would then depend on whether 

MIT provided, on balance, significant advantages over EIT for that application.

A list of the comparative potential advantages and disadvantages based on present knowledge 

of the techniques can be attempted and is shown in

Table 2-1 on page 45. The table lists known and presumed characteristics leading to potential 

advantages and disadvantages of EIT vs. MIT by four categories: the physical parameters 

measured, the sensors employed, the operating frequency range and the image reconstruction 

characteristics. Advantages are labelled by a "+", perceived disadvantages are labelled with a 

"-", while cases in which both EIT and MTT display significant weaknesses are labelled "0".

2.3.6.2. Physical Parameters measured

In EIT two electrodes are used to inject current into the body and a further two 

electrodes are used to detect the voltage on the periphery of the body resulting in a 4- 

terminal measurement of complex transimpedance. From a set of such measurements
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the internal distribution of conductivity and permittivity can be derived. In MIT the 

excitation coils produce a primary magnetic field which induces eddy currents within 

the body. These in turn produce a secondary magnetic field and hence produce a 

perturbation of the primary magnetic field which is detected to again produce a set of 4- 

terminal complex transimpedance measurements. MIT is sensitive to conductivity and 

permittivity as for BIT, but can also be used, in principle, to measure the magnetic 

permeability distribution of objects due to the direct effect of magnetic polarisation on 

the primary and secondary magnetic fields.

The ability to measure the magnetic permeability distributions within objects may be a 

definite advantage hi some industrial applications but given the typical values of 

permeability found within human tissue (section 2.2.1) the potential value of magnetic 

permeability measurement and imaging of tissue appears limited. Measurement of iron 

overload using magnetic induction techniques has been investigated by Casanas et al [44] 

but the results were inconclusive with the detected signal perturbations due to the 

permeability of the iron content of the liver apparently masked by the influence on the 

signal from the organ's permittivity. Although there appears little benefit in magnetic 

permeability measurements in normal human tissue, there may be some scope for the use of 

ferromagnetic, paramagnetic or superparamagnetic materials as tracer or image contrast 

agents, and this is an area which has yet to receive wider attention from researchers.

2.3.6.3. Sensors Employed

The comparative advantages and disadvantages between MIT and BIT are primarily 

related to the means of introducing the interrogating current to the body and to the 

sensors employed; electrodes in the case of BIT and coils in the case of MIT.

The electrode array and the electrode-tissue interface are the source of many of the 

practical and instrumentation design problems in BIT. An obvious practical issue with 

BIT is that, usually, the electrodes need to be manually attached to the subject. It is not a 

straightforward operation to place an array of electrodes, all of which provide a consistent

37



Chapter 2 The design of MIT systems for low-conductivity (^OSm'1 ) application___

electrode/tissue interface for accurate measurement, and all of which are positioned with 

sufficient accuracy for image reconstruction purposes.

Electrodes used for biological measurements have non-linear and frequency dependant 

impedance characteristics. These characteristics are partly due to the electrochemical 

impedance between the electrode metal and electrolyte, but between IHz - 1MHz the 

impedance of the skin itself dominates [45]. The skin impedance is dominated by the 

impedance of the outer layers of the skin which have typical characteristic frequencies of 

~10Hz, and this in turn tends to dominate measured impedances at lower frequencies [46]. 

Contact impedance values can be of the order of several hundred ohms at frequencies as 

highaslOOkHz[47].

Skin impedances therefore are relatively high in comparison to that of internal body tissues 

and large voltage drops are therefore produced across the skin layer which may mask those 

found at depth within the body. Variations in the skin impedance, due to variations in the 

thickness of the stratum comeum and perspiration, diffusion of electrode gels into the skin, 

and non-linearity may therefore have a significant effect of transimpedance measurements, 

especially at low frequencies. Preparation of the skin surface, through abrasion for instance, 

may be required to ensure accurate measurements [46].

The use of a 4-electrode technique [48] can reduce the influence of skin impedance 

variation on internal tissue impedance measurements. This technique, however, requires the 

voltage measurement circuits to provide a very high degree of common mode rejection. The 

current sources need to be fully balanced with no current offset such that no common-mode 

current injection is produced, and both are required to have a high output impedance over 

the operating frequency range, which becomes increasingly difficult as frequency increases. 

The electrode / skin interface resistance falls with increasing frequency which tends to 

improve measurement accuracy.

Electrode placement and localisation are also major practical issues in the clinical 

application of BIT. The achievable spatial resolution is dependent partly on the number
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of independent measurements made and a minimum number of electrodes will be 

required to be applied. Typically 8 or 16 electrodes will be placed around the body in 

'2-D' applications, i.e. those producing an image which is a single cross-section of the 

body. Even more electrodes are necessary if 3-D imaging is required and multiple cross- 

sections are to be distinguished. The accurate and consistent placement of BIT electrode 

arrays is a difficult and time consuming task   factors which would certainly impede the 

routine clinical application of the technique. Accurate knowledge of the position of the 

electrodes is required in particular for absolute impedance imaging [49] since even 

small positional errors will result in significant image artefacts due to the ill-conditioned 

nature of the BIT inverse problem. The accurate measurement of electrode position 

when placed on a subject is a problem which has been partly addressed with the use of 

electrode 'belts' or 'vests' [50],

In MIT the coils can be rigidly attached to a chassis. The positions can therefore be 

determined to a high accuracy and will be highly stable. Furthermore, since no contact 

is required, the subject can be positioned easily and quickly and the set-up time should 

be completely independent of the number of sensors employed. This should be 

considered as a very considerable potential advantage of MIT over BIT in clinical 

applications. The fact that the sensor array can move and follow variations in the 

volume and perimeter of the subject in BIT may be considered an advantage in that it 

simplifies measurement and reconstruction, at least for difference impedance imaging. 

For accurate MIT imaging, variations in the subjects position and perimeter, e.g. volume 

changes due to respiration, will most likely have to be accurately measured and 

incorporated into the reconstruction process as a priori information. The practicality of 

performing this in a clinical setting, e.g. in an intensive care unit, has yet to be 

established.

The above point highlights that although rigidly fixing the position of the coils will 

ensure that the primary magnetic field is well known and consistent, the interrogating 

current will still be highly sensitive to the position, shape and internal resistivity and 

permittivity distribution of the object investigated. The BIT problem of the electrode -
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tissue interface which is highly dependent on the unknown skin impedance becomes the 

problem of the coil - object geometry with accurate information on the geometry of the 

sensors and object perimeter required.

A very significant potential advantage of MIT in comparison to BIT is due to the nature 

of the coupling of the sensors with the tissue - current induction versus injection. 

Volumes of high impedance material such as fat or bone present a barrier to the flow of 

current. This is a particular problem in the application of BIT for brain imaging since 

the brain is entirely enclosed within the high impedance skull. The average conductivity 

of the skull in vitro, over the frequency range lOOHz - 100kHz, was reported by 

Oostendorp et al [51] to be 0.0158m"1 , and the ratio of the conductivities of brain tissues 

to skull to be of the order of 16:1. Higher values for the conductivity of skull, of 0.03 Sm 

- 0.088m, were however reported by Hoekema et al [52] with measurements taken at 

lOHz on skull samples immeadiately after excision during surgery. This may be due 

either to the freshness of the samples or to technical issues such as the presence of saline 

around the sample [53].

Bagshaw et al [54] modelled the head as four spherical shells as shown in Figure 2-10 

with conductivities and dimensions as shown.

Scalp, 0.448m" 1 , 92mm radius 

Brain, 0.258m" 1 , 80mm radius.1 on__ __ J: _ / Skull, 0.028m"1 , 87mm radius

CSF, 1.88m" 1 , 82mm radius

Figure 2-10 Diagram of estimated conductivities used in the 4 shell head model of [54]
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When surface electrodes are employed current will tend to be shunted around the low 

impedance scalp. A significant proportion of the current that does penetrate the skull 

will then be shunted through the relatively very low impedance layer of cerebro spinal 

fluid (CSF). A fraction of the injected current, which will be limited by the allowable 

current density in the scalp, will thus be expected to traverse the skull and enter the 

brain and the sensitivity available within the brain thus be significantly reduced, by a 

factor of 5 - 10 [55, 56]. This loss of sensitivity would be expected to impact severely 

on the performance of BIT system for brain imaging applications.

hi the case of MIT however, the applied primary field will be relatively unaffected by 

the presence of the skull and significant current densities, and hence measurement 

sensitivity, would be expected to be generated within the CSF and brain.

2.3.6.4. Operating Frequency

As described in the previous section the electrode/tissue interface has frequency- 

dependent impedance characteristics, with skin impedance dominating measured 

impedances at lower frequencies. Variations in the skin impedance therefore would also 

be expected to be more significant at lower frequencies.

At higher frequencies (>10kHz) the impedance of electrodes and the electrode - skin 

interface would be expected to be low and the impedance of skin would have fallen. High 

frequency operation however can cause difficulties in EFT. The current sources used in 

EFT systems, for instance, need to provide stable high output impedances and applied 

currents over frequencies extending from IkHz - 1MHz. Boone and Holder [57] point out 

that for a load impedance variation between a few ohms and 1 kQ, to achieve 0.1% 

accuracy in terms of the influence of source impedance requires an output impedance of 

about 1 MQ. At 1 MHz, however, a 1MQ output impedance has an effective output 

capacitance of 0.08 pF. Achieving such values in a practical design for a multi-channel 

system is challenging.
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To reduce cross-talk between channels, coaxial screens must be employed on the leads 

used to distribute the signal. These introduce a significant capacitance and thus a 

reduction in input impedance of the voltage detection amplifiers (which should be as high 

as possible). The potential for cross-talk and the impact of capacitive loading will both 

increase with increasing frequency and these issues may only be partly addressed at high 

frequencies through the use of methods such as "driven-screens" [57] and placing the 

detection circuitry as close to the electrodes as possible.

The use of magnetic induction to apply currents rather than injection through electrodes 

leads to practical advantages as discussed previously, but it brings with it a number of 

practical problems and disadvantages. These are primarily related to the strong 

frequency dependence inherent in the use of induction.

The SNR of MIT systems will decrease with decreasing frequency and the lower limit 

of frequency will depend on the required SNR for the particular application. Few details 

have been published on work carried out on multi-frequency magnetic induction 

measurements on biological tissues [58, 59], but an estimate of the practical lower 

frequency limit in MIT would likely be in the range 10kHz -100kHz for biomedical 

application based on the voltage noise and phase noise performance of existing devices. 

The frequency range of MIT however is likely to complement that of BIT.

2.3.6.5. Image Reconstruction

A substantial number of papers have been published on the subject of BIT reconstruction 

algorithms and the development of such algorithms is an active research area [60]. Much 

less work has been carried out on MIT image reconstruction [61-65] but from a review of 

published work it would appear that MIT shares many common features with BIT and a 

range of similar image reconstruction methods are applied in both cases.

For both EFT and MIT, conductivity images are derived from boundary measurements and 

the process of reconstructing the internal conductivity distribution from these measurements
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is a non-linear inverse problem. The inverse problem in both cases is ill-posed, a term used 

to describe problems in which small errors in the measurement data can lead to arbitrarily 

large errors in the reconstructed image, and a range of techniques, grouped under the label 

"regularisation techniques", must be applied to ensure stable image reconstruction. Such 

ill-posed inverse problems typically produce images characterised by poor spatial 

resolution, image distortion and image artefacts - features which are inherent to the ill- 

posed nature of the problem and by the need to apply regularisation.

Although there are similarities in image reconstruction methods and characteristics 

between MIT and BIT there will also be significant differences. This should be expected 

since the distribution of sensitivity within the object to be imaged will be quite different 

for MIT than for BIT given the different method through which current is introduced.

Morris [66] carried out MIT and BIT reconstructions of identical conductivity 

distributions using a 2/4 D approximation, i.e. a full 3D forward model but using column 

image voxels and conductive samples which ran the full height of the detection volume. 

The MIT measurements were simulated for 16-channel MIT system of similar design and 

dimensions to the Cardiff MK1 system, while for the BIT measurements, the coils were 

replaced, at identical positions, with electrodes. Two sets of simulations were carried out: 

(i) a 2cm3, 1.1 Sm"1 conductivity sample was located within a 1 Sm4 conductive cylinder at 

three different positions in the x-y plane and at three different heights above the mid-point 

of the MIT coil array and (ii) the sample was extended in the z-direction to the full height of 

the conductive cylinder and again was moved to at three different positions hi the x-y plane. 

BIT images could be reconstructed for both cases (i) and (ii). It was found that MTT images 

could be reconstructed for case (ii), but for perturbations of limited height, case (i), the MIT 

reconstructions produced very poor images and in some cases localisation of the 

perturbation was not possible at all. This may be indicative that, at least for the cases 

modelled, MIT has sensitivity distributions which will tend to produce poorer image 

reconstruction in comparison to BIT. Much further work however is required, using a range 

of models which correspond to different medical and industrial applications, before the 

comparative imaging performance of MIT and BIT can be fully assessed.
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Chapter 2 The design of MIT systems for low-conductivity (<30Sm'') application

2.3.7. Potential medical applications of MIT 

2.3.7.1. Categories of potential medical applications

In a recently published collection of review articles on BIT [53], the clinical 

applications of BIT were split into the following five categories:

(i) Imaging of the Thorax by BIT

(ii) Imaging of the Brain by BIT

(iii) Breast Cancer Screening with BIT

(iv) Applications of BIT in the Gastrointestinal Tract

(iv) Other Clinical Applications of BIT

The same categories may be used to discuss the potential clinical applications of MIT, 

to consider the relative merits and disadvantages of MIT and BIT for these applications 

and to reflect on the system and performance characteristics required of the MIT 

modality. The first two, and the second category in particular, are applications for which 

MIT is considered particularly suitable and are therefore discussed separately. 

Categories (iii) - (iv) will be grouped together for discussion.

2.3. 7.2. Imaging of the Thorax by MIT

The suggested and demonstrated clinical applications of BIT hi the human thorax have 

included cardiac imaging, pulmonary perfusion measurements and the monitoring of 

regional lung function [67].

Cardiac imaging using BIT is based on imaging electrical impedance changes caused by 

changes in blood perfusion within the heart, and in particular, variations in the atrial and 

ventricular impedance during the cardiac cycle. Possible clinical applications include the 

non-invasive measurement of stroke volume [68] and measurement of the right 

ventricular diastolic function for the assessment of pulmonary arterial hypertension [69].
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Chapter 2 The design of MIT systems for low-conductivity (^OSm' 1 ) application

As described in section 2.2.4, the impedance of the lungs varies with blood flow allowing 

pulmonary perfiision measurements and imaging by BIT. The change in impedance due to 

perfusion changes are much smaller than those due to respiration and data averaging with 

cardiac gating has been employed to separate the two causes. The "gold standard" for the 

detection of pulmonary perfusion defects such as pulmonary embolism are CT and MRI, 

and BIT does not appear to provide any advantages over these techniques [69]. The 

identification of the rare condition pulmonary arterial hypertension (PAH) has been 

considered to be one potential application of BIT, with a significant reduction in perfusion 

impedance changes observed in patients suffering from PAH due to damage to small 

pulmonary arterial branches [69].

Given the relatively large impedance changes associated with respiration it is unsurprising 

that BIT has been suggested as a means of assessing lung function. Suggested applications 

include determination of lung fluid volumes, ventilation in pneumothorax, emphysema 

and pleura! effusion and sleep apnoea [31]. The monitoring of lung function in patients 

undergoing mechanical ventilation is a particular application for which BIT is considered 

suitable given that it requires continuous monitoring, an application for which BIT has 

definite advantages over alternative techniques such as X-ray CT scanning [69].

The conductivity vs. frequency characteristics of lung tissues shown in Figure 8-3 suggest 

that contrast between inflated and deflated lung is certainly available over an extensive 

frequency range (>10MHz). Significant contrast should also be available between lungs 

filled with fluid and filled with air. MIT also shares the advantage of being suitable for 

long-term monitoring since it utilizes non-ionising radiation and is completely safe for the 

patient. MIT may in fact be considered more suitable for long-term monitoring than BIT, 

in particular for neonatal monitoring [70], since no electrodes are attached to the patient, 

thereby reducing the potential for skin irritation by the sensors and for the need to ensure 

consistent electrode-tissue contact, e.g. electrode gel dries or an electrode loses firm 

contact with the skin. For these reasons MIT has recently been proposed for the long- 

term monitoring of respiration and heart rate [71] with the MIT systems coil arrays 

potentially incorporated into a bed.

A strength of MIT, its fully non-contact nature, may also be a problem in applications in 

the thorax due to motion artifacts. The electrodes in BIT can move with the expansion
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and contraction of the chest and, especially for difference imaging, useful images may 

still be produced without detailed knowledge of the boundaries of the chest. This will not 

be the case with MIT where the sensors are fixed and unless the shape and position of the 

chest is measured, significant image artifacts may be expected. The development of 

optical methods for obtaining boundary contours of human head and torso is a work 

package of the LCOMIT project (described in chapter 6, section 6.2).

2.3.7.3. Imaging of the Brain by MIT

BIT has been investigated for three main clinical applications involving the brain: the 

imaging of brain function, the detection of cerebral oedema and the detection and 

classification of cerebral stroke.

There are several mechanisms through which the electrical impedance of the brain is 

related to its function. Firstly, there are changes in impedance related to the cell swelling 

which occurs when the cells' energy supply becomes insufficient to maintain the normal 

balance of electrolytes between the intracellular and extracellular compartments, hi 

section 2.3.5.2, cell swelling was noted as an outcome of ischaemia such as that produced 

by ischaemic stroke. It is also associated with the phenomenon of spreading depression 

which has been proposed [72] to be the cause of the migraine aura, and with epileptic 

seizures where the intensity of the neuronal activity exceeds the available energy supply. 

The impedance changes related to ischaemia, spreading depression and epileptic seizure 

are significant and of the order of 20-100%, 40% and 5-20% respectively, but it has been 

suggested that this level of change will be seen primarily at low frequencies where the 

current will flow almost exclusively through the extracellular space [72].

A second mechanism is variation of blood volume and flow associated with 

physiological stimulation. The change in electrical impedance in this case is much 

smaller, a decrease of the order of 2% [72].

BIT has also been proposed as a method for imaging the much faster impedance changes 

associated with neuronal depolarisation to allow the imaging of the waveform and 

pathway of activity for a given evoked response [73]. The predicted changes however are

small (~l-4%) and occur at low frequencies - certainly less than I kHz [72].
_
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The detection and classification of cerebral stroke is a major potential application of BIT 

and MTT. Cerebral stroke may be classified into two categories: ischaemic stroke and 

haemorrhagic stroke, hi ischemic stroke an artery within the brain is occluded and the blood 

supply to an area of the brain is cut off leading to ischaemia. m haemorrhagic stroke a blood 

vessel in the brain ruptures and bleeding occurs. Haemorrhagic stroke may be further 

classified by the location of the bleed (Figure 2-11). In intracerebral hemorrhage (ICH) 

bleeding occurs directly into the brain tissue forming a haematoma while in subarachnoid 

haemorrhage (SAH) the bleeding occurs in the cerebrospinal fluid within the subarachnoid 

space surrounding the brain. Approximately 80% of strokes are ischaemic, 15% are 

intracerebral haemorrhage and 5% are subarachnoid haemorrhage [74].

Cross SecHon of the Brain Intracerebral 
Hemorrhage

Dura mater
Arachnoid 
mater

Subaracftnoid

Pia mater 
Brain

Subarachnoid 
Hemorrhage

Bleeding in the 
subarachnoid space

Figure 2-11 Locations of intracerebral and subarachnoid haemorrhagic stroke subtypes (from [75])

The treatment of stroke greatly differs depending on the type. Ischaemic stroke may be treated 

by the use of anti-coagulant drugs such as warfarin, anti-platelet drugs such as aspirin and 

clopidogrel and increasingly thrombolytic drugs such as tissue plasminogen activator (tPA) to 

dissolve the clot and remove the occlusion witiiin the artery [76]. The use of such therapy in 

patients with haemorrhage however can be dangerous and potentially fatal. There is therefore 

a need to classify the stroke type and in particular to rule out haemorrhage. For the effective 

use of thrombolytic therapy the drugs should be administered as soon as possible, ideally
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within 3 hours of the onset of symptoms, and this implies that that the classification process 

should also best be undertaken within this short period.

X-ray-CT is the standard imaging technique for the detection of hyperacute (0-6h) 

intracerebral haemorrhage. It is unable, however, to detect ischaemia or infarction during 

this period [77]. BIT has been proposed as a potential imaging technique for the rapid 

classification of stroke since in practice it is sometimes difficult to quickly access CT. 

There is a need for an small, inexpensive and rapid imaging system for this application 

[72]. Moreover, BIT also has the advantage of being suitable for long term monitoring - to 

monitor the outcome of the administration of therapeutic agents for ischaemic stroke and 

for use in research studies.

The impedance changes related to the cell swelling that occurs with ischaemia appear to 

be most prominent at lower frequencies, i.e. less than 100kHz (see section 2.5.5). 

Contrast between ischaemic and normal brain tissue may therefore be too low for 

practical use at the probable operating frequency range of MIT systems which is likely 

to be above 100kHz.

The data shown in Figure 8-1 (in Appendix A) however suggests that significant 

contrast, approximately 300%, between blood and grey/white matter exists from DC to 

in excess of 100MHz. Intracerebral haemorrhage (ICH) should therefore, in principle, be 

detectable by MIT. It is unclear what the actual range of conductivity changes in ICH 

and haematoma formation is since no published data on the subject appears to be 

available. The extent to which haematoma may be represented as a simple compartment 

of blood, or if a more complex model is required, needs to be determined. As regards 

the volume of the haemorrhage, a study by Radberg et al [78] stated that prognosis was 

poor when the hematoma volume exceeded 50 ml in combination with dilatation of the 

contralateral ventricle. An intracerebral hematoma of greater than 80 ml volume was 

always fatal. The volume of blood required to be detected in ICH is therefore less than 

80ml and ideally much less than this given that for the application of stroke 

classification, ICH needs to be detected at a very early stage.

In the case of subarachnoid haemorrhage (SAH) bleeding occurs from a ruptured 

cerebral aneurysm or arteriovenous malformation. The blood enters the subarachnoid
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space and spreads through the cerebrospinal fluid (CSF). X-ray-CT is the standard 

radiological technique employed and provides a sensitivity of the order of 95% within 

the first 12 hours on the onset of symptoms [79]. The electrical resistivity of the CSF 

would be expected to increase as it becomes mixed with blood. The data presented on 

Figure 8-1 suggests that CSF has a fairly constant conductivity of 

2.0 Sm" 1 while blood varies between 0.7 and 1.1 Sm" 1 over the frequency range of 

500kHz - 10MHz, displaying a dispersion with a characteristic frequency of ~2MHz. 

There may well be scope for the application of MIT therefore in the detection and 

monitoring of SAH using both absolute impedance measurements and electrical 

impedance spectroscopy.

The ability to detect both ischaemic and haemorrhagic stroke appears to require a system 

which can operate at frequencies lower than 100kHz, specifically to detect ischaemic 

tissue, and stroke classification therefore appears to be an application more suited to BIT 

than to MIT. As described in section 2.3.6.3 however, HIT requires the injection of 

current through the scalp, skull and CSF layer (figure 2.15) before entering the brain, 

resulting in poor signal-noise characteristics. MIT has the advantage here of being 

virtually unaffected by the high impedance skull and since non-contact, measurements 

may be quickly and easily collected. Although therefore it may be very difficult to 

produce an MIT system capable of detecting ischaemic stroke, the detection of 

haemorrhage is certainly a possibility as is the detection and monitoring of brain oedema 

which also should produce contrast with normal brain tissues at higher frequencies.

2.3. 7.4. Other Clinical Applications of MIT

BIT has been studied as an imaging technique for the detection of breast cancer and this is 

one application in which the technique has reached, if not routine, then at least some level 

of clinical application. MIT may have some potential advantages over BIT in this 

application since it has been suggested that an operating frequency range extending well 

beyond 1MHz is required to reliably discriminate between cancerous and normal and 

benign tumours given the relatively high characteristic frequencies observed in breast 

tissues [80]. It has been reported that BIT systems face operational difficulties due to stray 

capacitive coupling above 1MHz [81] and MIT systems may eventually provide equivalent 

or better performance in the high frequency range operation (100kHz - > 10MHz).
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The only biomedical application of EFT in the gastrointestinal (GI) tract is the 

measurement of gastric emptying. Such measurements are carried out as basic research 

into the physiology and pathophysiology of the GI tract and to aid diagnosis of foregut 

motility disorders [82]. Alternative methods for carrying out these investigations 

include radiology using barium meals and gamma scintigraphy, both of which involve 

the use of ionising radiation, and BIT has therefore been proposed as a safer means of 

carrying out these studies for this reason. The contrast in electrical impedance between 

liquid and solid conductive contrast agents and normal tissue would be expected to be 

high over a frequency range from DC-20MHz: the contrast agent is effectively just 

saline. MIT would therefore be applicable for this reason and would provide the 

standard advantage of ease of application due to its non-contact sensors. MIT would 

however face the same difficulties in acceptance of the technique for routine clinical 

application as that faced with BIT: gastric emptying is not commonly requested as a 

diagnostic aid routinely in the UK or elsewhere and the scope for commercialisation and 

investment is therefore limited [82].

MIT has been suggested for application in the imaging of the conductivity of wounds where 

the application of electrodes is particularly problematic due to the poor condition of the 

tissue surface. Riedel et al [83] described a mechanically scanned single channel system 

using a gradiometer. Simulations and measurements on a phantom taken with the system 

were provided but no in vivo data was presented. Electrical impedance measurements have 

been suggested for the non-invasive assessment of the progress of wound healing in 

surgical wounds [84]. The principle employed is that the skin's transcutaneous impedance 

increases as the healing progresses, primarily due to the development of an intact stratum 

corneum. It is not clear how sensitive MIT would be for this purpose however since it does 

not employ transcutaneous current injection and will therefore have no sensitivity to the 

presence of the stratum corneum.

Matoorian et al [85] proposed a miniature MIT system for the imaging of conductivity 

and permittivity distributions within human teeth. The system comprised two parallel 

pads each with 16 coils of lOmH inductance which were to be placed either side of the 

tooth. Impedance measurements were provided using an electrode system but no results 

were given for the proposed inductive system.
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2.3.8. Potential industrial applications of low-conductivity MIT

2.3.8.1. Oil /gas / water mixtures

In off-shore oil production, measurement of the water content in multiphase flows in 

pipelines and separators is important for controlling productivity, particularly as marginal 

resources are exploited [86]. Various sensors are available commercially, employing 

capacitance, microwaves, ultrasound or y-rays, but their accuracy has been limited by 

factors such as scaling of the pipes, a limited range and the gas content of the mixture.

Eddy-current techniques have been suggested as a complementary method because they 

would be sensitive only to the conductive component of the mixture, i.e. the process 

water, which has a typical conductivity of 5 Sm"1 . Furthermore, the use of an array of 

coils and possibly multi-frequency excitation would enable the cross-sectional 

distribution of conductivity of the process water to be determined. Albrechtsen et al 

[86] demonstrated an experimental system using a single excitation coil with phantoms 

simulating different flow regimes. With non-cylindrically-symmetrical flow (e.g. 

stratified), the derived water fraction depended strongly on the position of the coil 

relative to the water/oil interface; the authors concluded that to overcome this problem, 

a tomographic system should be developed. More recent work by another Norwegian 

research group using a single-channel inductive system has also concluded that the work 

should be extended to tomography [87].

Since the conductivity of the process water in oil production is generally higher than that of 

biological tissues, the signals should be larger and easier to measure, giving signal-to-noise 

ratios that could potentially allow MIT system capable of frame rates up to -100 s" 1 .

2.3.8.2. Glass production

The continuous production of flat glass, suitable for processing with nano-scale coatings 

for the building and automotive industries, requires a very stable process. Process 

parameters must be controlled in extreme and chemically aggressive environments - in 

the furnace, float bath, annealing lehr and during on-line coating. Process control is
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essential for optimisation and automation of glass production and fabrication and upsets 

to the production process can affect product quality for several days [88].

The Glass Industry Technology Roadmap (2002) [88] states that currently available 

sensors and related process controls cannot accurately and cost-effectively measure and 

control melting, refining and forming processes in real time, and the need for non- 

contact sensors is identified. As molten glass is electrically conductive, MIT is 

potentially a new non-invasive method of imaging the process hi order to prevent upsets 

and to improve the final product.

Verzhkhovskaya [89] provides data on the electrical conductivity of different 

borosilicate glasses with varying SiC>2, BSC>3 and MeaO contents over the temperature 

1400° - 1600°C. The conductivity of the different glass melts was found to vary from 

0.3 - 50 Sm" 1 over this temperature range. The range of conductivity values for molten 

glass therefore falls within that to which low-conductivity MIT is applicable. Given the 

ability of the interrogating magnetic fields employed to pass through non-conductive 

barriers such as ceramic vessels, thereby allowing the sensors to placed at a distance 

from the glass melts, and to be shielded and possibly cooled, MIT appears to potentially 

be very suitable for this application.

2.4. Review of low-conductivity MIT systems (pre-2001)

2.4.1. Scope of review

This section provides a review of published descriptions of MTT system design and 

performance available at the specification stage (in 2000) of the Cardiff Mkl system during 

the EPSRC project Magnetic Induction Tomography for Biological Tissues (1999-2003).

2.4.2. Early single-channel (non-imaging) systems

Magnetic induction has been used for the non-contact measurement of the electrical resistivity 

of materials for over a century with applications found in medicine, industrial process, 

geophysical surveying, oceanography, magnetohydrodynamics and metallurgy [90].
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The earliest publications on the feasibility of the biomedical application of inductively 

coupled systems were by Vas [91] and Tarjan and McFee [90]. Vas described the use of a 

single coil operating at 10MHz placed in proximity to the human thorax to detect the 

motion of the heart, a method termed displacement cardiography. The coil was connected 

as part of an oscillator and as the object in proximity with the coil moved, in this case the 

ventricular wall, the self inductance of the coil and hence the oscillator's frequency varied.

Tarjan and McFee described a system utilising a gradiometer comprised of 3 coils. Two 

detection coils connected in series opposition were placed on either side and equidistant 

to an excitation coil resulting in a sensor which was insensitive to the primary field 

while remaining sensitive to the secondary magnetic fields produced when the sensor 

was placed with one side in proximity to a conductive object. Measurements were 

undertaken on the human thorax and clear signal variations synchronous to the cardiac 

cycle and respiration were observed. Measurements on the human head were also 

undertaken but here the signal variations were found to be insignificant. The paper is 

noteworthy in that many of the features of the system described - the use of gradiometer 

sensors, capacitive shielding and phase sensitive detection - are important components 

within the MIT systems later developed.

A limited number of descriptions of single channel systems appeared through the next 

three decades. Further published studies on displacement cardiography devices 

included a study by Wilson [92] who described a resonator coil system employing 

impedance modulation and Pepper et al [93] who compared three types of measurement 

techniques for resonator coil systems. Hart et al [94] proposed a resonant coil (e.g. 

similar to the system of Vas) device for the monitoring of brain oedema, while Netz et 

al [95] constructed and carried out measurements on phantoms using a gradiometer / 

phase sensitive detector (e.g. similar to the Tarjan and McFee system) device, again 

with brain oedema monitoring the target application.

2.4.3. Early MIT systems (pre-1997)

The first published studies on MIT proper - that is systems taking multiple 

measurements which are then used to reconstruct images by tomographic methods - 

appear in 1993. Al-Zeibak and Saunders [6] presented images of a metal object
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immersed in a tank filled with tissue-equivalent saline. Multiple projections were 

obtained using translation / rotation of the sample and filtered back-projection was 

employed for image reconstruction. The images obtained were promising but the 

measurement methodology has subsequently been questioned since amplitude detection 

rather than phase sensitive detection was employed. The observed changes in the signal 

amplitude with conductivity were much higher than what would be expected by theory 

for true magnetic field coupling of the eddy currents with the detector coil. The 

implication here is that the system's coils had inadequate shielding and that the signal 

variations included significant capacitive coupling - the system could have been 

effectively carrying out Electrical Capacitance Tomography [5].

Also appearing in 1993 was a description of the first MIT system for industrial 

application. The system, described as an Electromagnetic Tomography (EMT) system 

by Yu et al [96], used two large excitation coils oriented to produce orthogonal (X, Y) 

magnetic fields. The applied excitation currents were then varied in magnitude to 'steer' 

the excitation magnetic field and produce multiple projections. Twenty one detection 

coils placed equidistant around the cylindrical detection volume sensed the magnetic 

field perturbation. The system employed two forms of shield, a magnetic shield 

composed of ferrite and an outer metal electromagnetic shield. As for the system of Al- 

Zeibak, amplitude detection of the induced signal in the detector coil was used and 

backprojection was also employed for image reconstruction. Images of high 

conductivity samples, in this case metal rods, were presented. This particular system 

design was subsequently found to be limited in that the two excitation coil scheme used 

did not in fact provide any more than two independent measurements - multiple 

projections formed by the linear superposition of two basic projections provides no new 

independent data which may used in image reconstruction.
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2.4.4. The Moscow MIT system (1997)

In 1997 Korzhenevskii and Cherepenin from the Russian Academy of Sciences, 

Moscow, published a paper entitled Magnetic Induction Tomography in which the term 

is first used. The paper provided an analysis of the physical aspects of magnetically 

coupled impedance measuring systems using a quasi-static approximation for samples 

with low conductivity. The authors state that the empirical approach used by Al-Zeibak 

and Saunders [6] and Yu et al [96] failed to yield satisfactory results, and that the aim 

of their paper was to establish the physical principles underlying MIT, and to develop 

practical systems and image reconstruction techniques based on these principles.

The major features of MIT for low conductivity materials which were inferred from the 

analysis included:

the amplitude of the detected signal is relatively independent of the conductivity 

but does depend, very weakly, on the permittivity. A phase sensitive approach 

should therefore be employed and the in-quadrature component of the detected 

signal measured for use in conductivity measurement and imaging

the optimal operating frequency for a biomedical MIT for the measurement of 

conductivity should be in the range 10 - 20MHz based on maximising the signal 

to noise ratio while allowing sufficient skin depth for a quasi-static 

approximation to be used

backprojection may be employed for image reconstruction since the measured 

phase shifts are, in approximation, integrals of the weighted conductivity taken 

along the lines of magnetic flux linking the excitation and detection coil - the 

authors later termed this sensitivity pattern as a "flux tube".

The authors also proposed the following features for a practical implementation of a low 

conductivity MIT system: an annular array of coils, with separate coils used for 

excitation and detection, use of a metal screen as an electromagnetic shield and phase 

measurement of the detected signal as a faster, simpler alternative to amplitude 

measurement of the in-quadrature signal components.
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In 1999 the same group published images produced from simulated results for a 16- 

channel MIT system and a conductivity distribution representing the human thorax [97] 

and in 2000 published details of the implementation of a 16-channel MIT system and 

measurement results obtained with the system [8].

The system described by Korjenevesky et al was the first multi-channel MIT system 

capable of producing images of samples with conductivities in the biologically relevant 

range. The system had 16 coil formers onto which were wound 16 separate excitation 

coils and detection coils and operated at a single frequency of 20MHz. Figure 2-12 

shows a photograph of the system which appeared in [8]. Text and arrows have been 

added to label components of the system.

Chassis / _^___^_^__
^magnetic ^^BE^r 9*0^^ Excitation and
snieia .__ <A m detection coils

Excitation and 
detection circuitry

Figure 2-12 Photograph of the system of Korjenevsky etal [8]

The excitation coils were of 5cm diameter and of 2 turns and had a quoted inductance of 

0.7|aH. The quoted amplitude of the excitation current was 60mA. The detection coils 

were of the same diameter and had 4 turns. No screens were placed around the coils. 

The excitation circuitry consisted of a quartz oscillator and an amplifier with a 

differential output which was switchable into a high impedance disabled state when that 

particular excitation coil was not in use. The detection circuitry comprised (i) an input 

amplifier with differential inputs, (ii) a mixer in which the received signal was mixed 

with a local oscillator signal of 19.98MHz to produce sum and difference frequencies. 

The output of the mixer was then filtered to remove the sum frequency leaving a 20kHz
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signal which retained the amplitude and phase information of the original 20MHz 

signal. This sinusoidal signal was then passed to a limiting amplifier for conversion to a 

square pulse.

The down-converted signals were then distributed from the detection circuits to a 16:2 

multiplexer which selected two signals: the signal from the same channel as the active 

excitation coil was selected as a reference signal while one of the other channels was 

selected as the active received channel. The two selected signals were then passed to a 

microcontroller which measured the time delay, and hence the phase, between the two 

signals. For each of the 16 excitation coils the system cycled through the remaining 15 

channels to provide 16 x 15 or 240 measurements.

The system acquired a full set of data in around 1 second and had a quoted phase noise 

level of 0.005 radian (290m°). The authors stated that samples with conductivities in the 

range 0.5 - 7Sm"' produced phase shifts of the order of 0.3 radian (17°) suggesting an 

SNR of the order of 35dB.

2.4.5. The Cardiff MIT system (1999)

hi 1999 a group based in Cardiff, UK, presented details of the design of single channel 

MIT system and images of saline samples produced by the system. The system of 

Griffiths et al [9] operated at 10MHz and employed an MRI control console as an 

excitation signal source and phase sensitive detector.

A 9cm diameter 3 turn excitation coil, a single turn 1.5cm diameter coil and a 4cm 

diameter 3 turn 'back-off coil were employed. The system used dual-phase phase 

sensitive measurement to measure the amplitudes of both the real and imaginary 

components. Further details of this system are provided in chapter 3 where the results of 

a study emulating these measurements with a similar set-up are described.

The Moscow and Cardiff systems described above were the only low conductivity MIT 

systems constructed, evaluated and described in published work up to the date (2000- 

2001) of the specification stage of the development of the Cardiff Mkl MIT system.
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2.5. Review of low-conductivity MIT systems (2001-2008)

2.5.1. Scope of review

This section provides a review of published descriptions of MTT systems design and 

performance available at the specification stage of the Cardiff Mk2 system (up to 2008) 

during the EPSRC project Imaging low-conductivity materials in Magnetic Induction 

Tomography (LCOMTT) (2006-2010).

2.5.2. The BodyLife Scanner (2003)

The BodyLife Scanner, shown in Figure 2-13, was developed at the University of Lancaster 

for the application of human body composition measurement [98]. The system was relatively 

large in comparison to the other systems decribed here, of internal diameter 750 mm, and 

employed 8 excitation and 8 detection coils and had an operating frequency of 1 MHz. The 

system had two novel features: the array could be translated vertically along the body with the 

subject standing, and the system employed a laser scanning system for determining the 

boundary of the skin surface and its location relative to the MIT coil array [99].

The use of a data fusion approach, i.e. the collection of data using two or more completely 

different and independent methods and its combination in image formation for instance, is 

very attractive for MIT. MTT image reconstruction is a very ill-posed problem and the use of 

accurate a priori information is likely to improve the quality of images. The optical methods 

employed in the Bodylife system should provide object boundary information with a 

reasonable level of accuracy which, in principle, will improve MIT image accuracy.
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Figure 2-13 Photograph of the BodyLife scanner showing the 4 pillars on which the array is 
vertically translated and the cameras used for the optical-based boundary measurement (from [99])

2.5.3. The Graz Mkl (2006) and Mk2 (2007) systems

The only operational multi-tone (i.e. excitation with multiple frequencies 

simultaneously) MIT systems at the date of writing (2009) are two systems developed 

by the Graz University of Technology in collaboration with the Universitat Politecnica 

de Catalunya. The group first published details of a single-channel Magnetic Inductance 

Spectroscopy system utilising a gradiometer [100] and produced MIS impedance 

spectra of a biological tissue, in this case of a potato, over the frequency range 20 kHz - 

370kHz. Since then the group has introduced several novel developments in MIT 

hardware and algorithms including fast forward modelling based on the reciprocity 

principle [101, 102], frequency-difference image reconstruction [103, 104] and the use 

of multi-frequency excitation to allow both spectroscopy and simultaneous excitation 

through channel frequency encoding [59, 105].

The Graz Mkl system [59] was a 14-channel multi-frequency MIT system. The system 

employed a single excitation coil and 14 planar gradiometers detection coils. The object 

to be imaged was rotated to obtain a data set for image reconstruction. The system 

operated over the frequency range 50 kHz - 1 MHz using either a single frequency 

excitation signal or a multi-tone signal. The real and imaginary parts of AV/V were
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calculated by coherent demodulation. The quoted measured equivalent input noise 

voltage for each channel was 2 nV/Hz'/2, and for an integration time of 20 ms, the 

measured standard deviation for the magnitude of the detected signal was 7 nVrms.

The Graz Mk2 system [105] is a development of the Graz Mkl system to full multiple 

excitation and detection coil system. The system also however incorporates several new 

features which are likely to be influential on future MIT system design and it is 

worthwhile to discuss these in some detail based on the description provided by 

Scharfetter et al [105]. The main features of interest may be categorised into multi- 

frequency operation, sensors and array design, measurement system and simultaneous 

data acquisition approach.

2.5.3.1. Advantages of multi-frequency over single frequency MIT

In MIT, as in EIT, image reconstructions may be classified as absolute or difference.

An absolute image reconstruction in EIT requires that the electrodes are applied to the 

sample and a single measurement set acquired. A forward model is then required to 

reconstruct the absolute impedance image from the transimpedance data. In MIT a 

reference data set with an empty detector would first be acquired and then a 

measurement set with the sample placed within the system - the absolute data is relative 

to free space. Again a forward model is used to reconstruct the impedance image, hi 

both cases an accurate forward model is a necessity.

Difference measurements are possible when the distribution of electrical impedance of 

an object changes over tune allowing temporal difference impedance measurements to 

be made. Alternatively the impedance of the object may be measured over a range of 

frequencies allowing frequency difference measurements.

Difference image reconstruction, temporal and frequency, have been employed more 

frequently in EIT than absolute reconstruction. Since changes in impedance rather than 

absolute values are used, linearized image reconstruction algorithms may be applied 

with more success [106] and stationary noise and error sources are to a certain extent 

cancelled out [107]. For biological tissues frequency difference measurements and
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imaging also allows tissue characterisation, based on the characteristic dispersions 

associated with each tissue type and the effect of conditions such ischaemia and oedema 

on impedance spectra discussed in chapter 2.

Multi-frequency MIT therefore may offer advantages hi terms of the quality of the 

miages reconstructed, both in terms of reducing image artifacts due to errors in the 

forward modelling, and in provision of the further useful diagnostic information for 

biomedical applications. As discussed hi section 2.4 multi-frequency MIT over an 

extended frequency range is challenging due to the frequency dependence of the MIT 

received signal, proportional to 1/f for the conduction current and 1/r for the 

displacement current signals. Nevertheless, the development of multi-frequency MIT is 

taking place due to the perceived advantages.

2.5.3.2. Sensors and array design

The Graz Mk2 system used two annular arrays, an upper and lower one, each with 8 

exciters and 8 gradiometer sensors. The use of gradiometers provides two potential 

advantages. The reduction of the primary signal reduces the impact of phase noise and 

drift on measurements of the imaginary part of the signal as discussed hi chapter 5. 

Secondly, the dynamic range of the received signal is reduced - a very large induced 

signal would be expected in the detection coil closest to the excitation coil, and this 

would greatly restrict the amplification which could be applied to the signal.
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RX/TX coil assembly

Figure 2-14 The Graz Mk2 system [105]

The authors state however that the gradiometer coils were adjusted with respect to the 

excitation coil so that the signal due to direct excitation coil - gradiometer coupling was 

minimised [105]. Each gradiometer appears to be adjusted to optimise the reduction in 

its sensitivity to the primary field only for the nearest excitation coil. It is not clear by 

what factor the other coils on its particular array, upper or lower, have their primary 

field sensitivity reduced by. Furthermore, the detector coils on the lower array would 

not be expected to provide much primary field cancellation of the fields from the upper 

array excitor coils and vice versa. The authors state that this limits the current which 

may be applied to the excitor coils (to 3 Apeak at 100kHz).

One feature of the array design selected which is noteworthy is the flexible nature of its 

structure. Each of the arrays are split into two halves which may be opened to allow a 

person to enter the detection volume. This design will certainly make some
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measurements on subjects easier to undertake. The design however appears to lack 

sufficient rigidity to limit mechanically-induced noise and drift and the authors admit 

that this appears to be the most significant source of noise and drift in the system. The 

system also lacks the large rigid metal screen employed in the systems of [8] and [10], 

relying instead on screens placed around the excitor coils and ground cables. Good 

ground systems are essential for accurate measurements in MIT and the use of a metal 

screen/chassis has been found to be very effective in the Cardiff MIT systems in 

providing a low impedance ground system for the circuitry and in controlling capacitive 

coupling between coils [108]. The Graz/Barcelona group have not as yet published any 

details on the residual capacitive coupling found in their Mk2 system.

2.5.3.3. Measurement system

In previous systems heterodyne downconversion has been employed to limit phase 

errors introduced during distribution and measurement of the detected signals. In the 

Graz Mk2 system however direct digitisation of the signal is employed. This is possible 

partly because of the lower operating frequency range, 50 kHz -1.5 MHz in comparison 

to 10 MHz - 20 MHz for single frequency MIT systems previously discussed, but also 

due to the availability of fast, precise and reasonably inexpensive (per channel) 

digitisers which have come onto the market. Direct digitisation removes the need for 

mixers and allows the input circuitry to be simplified. More importantly, however, it 

allows much easier implementation of simultaneous multi-frequency excitation than 

would be the case for downconverter systems. The use of FFT-based signal 

measurement algorithms introduced in the Graz Mk2 system also provides a very 

efficient means of implementing simultaneous multi-frequency measurements.

2.5.3.4. Simultaneous data acquisition

The most interesting feature of the Graz Mk2 system arguably is its use of simultaneous 

multi-frequency measurements. The use of the FFT-based measurement algorithm 

allows the phase and amplitude of multiple frequencies to be measured with the same 

computational expense as for a single frequency. In fact FFT algorithms appear to be 

competitive with phase sensitive detection as regards computation time even for a single
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frequency, assuming that PSD requires 2 multiplications and two digital filtering 

operations for each frequency.

Simultaneous multi-frequency, or multi-tone, excitation in combination with FFT 

demodulation for spectroscopy has previously been employed in BIT [109]. A 

disadvantage of multi-tone excitation in BIT is the potential reduction in SNR since the 

total power of the excitation signal is divided between each of the frequencies applied, 

and some trade-off between SNR and speed is therefore implied. For MIT this may be 

less of a problem since the dynamic impedance of the excitation coil is proportional to 

frequency. The excitation signal is therefore likely to be limited by the maximum 

current output of the excitation amplifier for lower frequencies and by the maximum 

voltage output for higher frequencies over an extended range. Spreading the total power 

output over several frequencies should therefore have less of an impact as regards 

reduction of SNR at each frequency.

Frequency encoding using slightly different signal frequencies for each channel, but 

non-overlapping hi terms of the FFT frequency bins, enables all of the excitation 

channels to be activated simultaneously. Again an FFT-based algorithm allows any 

number of signal frequencies to be demodulated at the same computational cost as a 

single frequency and fast, single-shot data frame captures becomes possible. This mode 

of operation allows 'snap-shots' of frequency-difference measurements to be taken with 

data collected over short periods of time, of the order of 80ms for the Graz Mk2. This 

potentially greatly reduces drift and measurement artefacts due to motion of the subject 

and should allow either higher SNR to be achieved through allowing a greater degree of 

signal averaging without incorporating, or extend the applicability of MIT towards 

applications requiring fast data acquisition such as in functional imaging.

The system uses current sources for excitation since voltage sources have low output 

impedances which would terminate the coils with a very low load. Significant 

perturbation of the excitation magnetic fields produced by each excitation coil due to 

neighbouring excitation coils would then be likely. High power output current sources 

however are not trivial to implement over a wide frequency range. The Graz Mk2 has a 

quoted output impedance of >500Q up to 600kHz but this drops to just 200Q at higher 

frequencies. It may be possible to avoid the need for current sources, and thereby
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producing better performing excitation amplifiers, by two means. Firstly, the effect of 

the neighbouring coils may be modelled and incorporated into the forward model. This 

may not involve too much computation since the primary fields of all of the excitation 

coils need to be modelled in any case, and the perturbed magnetic field of each 

excitation coil could be modelled as a linear superposition of its own field and that of its 

nearest neighbours. Secondly, rather than activate all of the excitation coils 

simultaneously, a subset of 2, 3, 4 or more coils may be activated at a time such that 

each activated coil is sufficiently far from the other activated coils to ensure the 

perturbation of its magnetic field is too small to produce significant errors.

In conclusion, the Graz Mk2 system provides some very interesting and potentially 

useful design concepts for MIT systems. Not all of the choices made for this design may 

be optimal however, with the mechanical stability of the design and the shielding / 

ground system possible weaknesses.

2.5.4. The Philips MIT system (2008)

The Philips MIT system is a 16-channel system very similar in concept to the Moscow 

and Cardiff Mkl systems. As in the Cardiff Mkl system, the Philips system operates at 

10MHz and downconverts the signal to 10kHz for distribution and measurements. The 

design however utilises two signal generators for the excitation and local oscillator 

signal, with each of the signals split using 1:16 power splitters [110]. The system 

therefore can, in principle, operate in sequential multi-frequency mode, at least over the 

range 1 MHz -10 MHz given the components employed.

The system also differs from the Moscow and Cardiff devices in its signal measurement 

technique. It employs phase sensitive detection as for the Cardiff device, but the 

measurement system is parallel with data sampled simultaneously on all 16 detector 

channels using a 24-bit audio-frequency digitiser which samples the IF signal at 

192kHz. It therefore has a much higher frame rate than the Cardiff Mkl system, which 

is not quoted by the authors but is expected to be of the order of 0.5 frame/s based on 

the measurements having a 100ms time constant.
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Figure 2-15 The Philips MIT system. The picture on the left shows the top view while that on the
right shows the front view of system [110]

Some preliminary results of measurements of the phase precision were given by 

Hamsch et al [111]. The quoted phase noise varied from under 10m° for those channels 

closest to the active excitation channel to over 200m° for the channel furthest, with an 

average value of 80m° for a 100ms time constant. This performance is significantly 

poorer than the Cardiff Mkl which provided 17m° phase noise averaged across all 

channels for a 30ms time constant. The temperature-induced drift was also relatively 

high with a value for the phase temperature coefficient of 0.5 °/K. This is surprising 

given that in many respects the Philips system used components which provided similar 

or superior performance to those utilised in the Cardiff Mkl. The full system had only 

recently been commissioned at the date of publication and it is likely that its eventual 

performance will be higher once the the excessive noise and drift are addressed.

2.5.5. The Aachen MIT system - MUSIMITOS (2008)

The system developed at RWTH Aachen University is a planar array utilising coil 

orientation to provide primary field sensitivity reduction at the sensors, similar in 

concept to the system of Igney et al [15]. The most noteworthy features are its data 

frame capture rates and the application for which it is intended.

The system uses up to 6 excitation coils and 14 detector coils, although in the published 

descriptions to date [70, 112] it has been tested with only 2 excitation and 3 detection 

coils operational. The target application is the long-term monitoring of respiration and 

cardiac rate, specifically in neonates. The capture of these physiological events requires,
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in the context of MIT, very high frame rates of the order of 12Hz. To achieve these rates 

the group used channel frequency encoding as in the Graz Mk2 system, but used 

downconversion of the signal to an intermediate frequency. Demodulation of the signal 

was then performed using FFT on the intermediate frequency. The downconversion 

process greatly reduces the number of samples in the data set for a given time constant 

allowing the FFT demodulation to be carried out much faster than would be the case for 

direct digitisation at high frequency.

Direct digitisation must be considered the most powerful and flexible method available 

at present. Digitising the high frequency signal however results in long computational 

times and/or higher power, higher complexity and higher costs with the digitising 

systems available at present. The combination of downconversion and frequency 

encoding as employed at Aachen therefore may offer a route to providing MIT 

instrumentation instruments which need to be either very fast, low power, or small (i.e. 

portable). The main potential weakness of the approach is that it may be difficult, 

although not in principle impossible, to provide simultaneous multi-frequency operation 

for impedance spectroscopy. This would require a multi-tone local oscillator to match 

the multi-tone excitation signal. Investigation of the practical issue and performance of 

multi-tone downconversion is required.

2.6. Summary

In this chapter the factors affecting the design and performance specifications of low- 

conductivity MIT system were critically reviewed. These relevant factors were 

discussed within three categories: those related to the those related to the physical 

aspects of MIT, those related to the biomedical and industrial applications of MIT, and 

those related to the design and results obtained by MIT systems described in previously 

published work.

From the review of the physical aspects of MIT, the following characteristics were expected 

to be seen in the received MIT signal in the quasi-static approximation: (i) the conduction 

currents produce a component of the received signal which is proportional to the 

conductivity and frequency, and which lags the primary signal by 90°, (ii) the displacement
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currents produce a component of the received signal which is proportional to the 

permittivity and to the square of frequency and which is in phase with the primary signal 

and (iii) a non-unity relative permeability results in a component of the received signal 

which is independent of frequency and in phase with the primary signal. MIT can therefore 

in principle be used to measure and image conductivity, permittivity and permeability. For 

the measurement of conductivity a phase sensitive detection method is essential.

The received signal due to the eddy currents AV, which contain the information on the 

conductivity distribution required is proportional to co2 and as the frequency is reduced, 

the amplitude of AV will rapidly decrease making accurate measurement of AV 

increasingly difficult. For low-conductivity materials such as biological tissues, the lower 

limit of the operating frequency of a MIT system will be determined by the minimum 

required SNR for the specific application. A frequency range of 300kHz - 30MHz was 

therefore selected as the target system bandwidth for this study.

In the review of potential biomedical applications, brain imaging was identified as a 

specific application in which MIT could possess significant advantages, in comparison 

to BIT, due to its ease of application and the ability of the interrogating magnetic fields 

to easily pass through the high impedance skull. Multi-frequency MIT in particular 

offers the potential to enhance the discrimination between different tissue types based 

on their differing dispersive behaviour. For the application of the detection and 

monitoring of haemorrhagic stroke, frequency differential measurements could 

potentially provide contrast between distributions of blood and CSF, white matter and 

grey matter in reconstructed images. Two potential industrial applications of MIT were 

also reviewed, the monitoring of conductive materials in multi-phase flows, such as 

seawater within oil pipelines, and tomographic imaging in glass production.

Finally in this chapter a review of publications on the topics of (i) early non-imaging 

magnetically-coupled impedance measurements systems, (ii) MIT systems before 2001 

and (iii) MIT systems produced between 2001 - 2008 is given.

70



Chapter 3 The Cardiff Mkl MIT system: specification and system components

3.The Cardiff Mkl MIT system: 
specification and system components
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3.1. Introduction

The aim of the work carried out in this chapter was to set the specifications of the Cardiff 

Mkl system and to design, develop and to test signal sources, detector circuits, excitation 

circuits and signal measurement systems which were to be employed in the system. A 

single-channel of a MIT system, incorporating excitation, detection and signal 

measurement, would be produced to meet the target specifications which are defined in 

section 3.2: single-frequency operation at 10MHz with a system phase measurement 

precision of <100m° phase precision for a measurement integration time of <100ms.

In section 3.2 the target specifications of the Cardiff Mkl system are listed, discussed and 

selected. The specifications are divided into the following seven categories:

  Target application for specification

  Operating frequency

  Electrical properties measured and measurement technique

  Transducers

  Array geometry and number of channels

  System control and measurement systems

  System measurement precision

The starting point for the development work of this study was a detailed investigation of 

the implementation and performance of previously described MIT systems. As has been 

discussed in section 2.4 of chapter 2, two systems capable of measuring and imaging 

samples with biologically relevant conductivities had been described in previously 

published work - the Moscow [8, 97, 113] and Cardiff [9] MIT systems.

The first objective therefore was to investigate the methods employed in the Moscow 

MIT system which was based on a XOR-gate, zero-crossing phase detector utilising 

frequency downconversion. Four tasks which were carried out are listed below:

72



Chapter 3 The Cardiff Mkl MIT system: specification and system components

1. The review and selection of phase measurement methods (sections 3.3.1- 3.3.5)

2. Identification of phase measurement system performance criteria (section 3.3.6)

3. Development of a XOR-based phase measurement system (section 3.4)

4. Development of frequency downconversion circuitry (section 3.5)

All circuits and systems were to be developed completely independently as regards their 

specific design however.

The phase measurement system developed was then tested through the emulation of the 

work published in Griffiths et al [9]. The use of a MRI measurement console enabled 

the study of Griffiths et al to be quickly and effectively implemented but it was not 

however suitable for practical use in a dedicated MIT system. The next objective, 

described in section 3.6, was therefore to replace the MRI measurement unit with the 

XOR phase sensitive measurement system and to emulate the study of Griffiths et al 

using the new measurement system. This would then allow a better comparison between 

the relative performance of the two systems described in the published results [9] 

[8, 97, 113] and the newly designed phase measurement system.

Further development of the detection circuitry, described in section 3.7, was then 

undertaken including the addition of an input buffer amplifier, refinement of the low 

frequency amplifiers and filters, and an investigation of the phase stability requirements 

of signal sources. A version of the detection circuit suitable for use in a vector voltmeter 

measurement system, specifically a dual-phase lock-in amplifier, was developed and a 

comparison of the relative performance of the XOR zero-crossing and vector voltmeter 

measurement systems was made and this is described in section 3.8.

The design criteria for MIT coils and excitation circuits operating at 10MHz were 

investigated and a coil driver circuit suitable for use in the MIT system prototype was 

designed and tested and this work is described in section 3.9. Finally, in section 3.10, 

details of the functional and performance tests carried out on a single channel MIT 

system, incorporating all of the excitation, detection and measurement systems which 

were to be subsequently incorporated in the full 16-channel system are described.

73



Chapter 3 The Cardiff Mkl MIT system: specification and system components

3.2. Specifications of the Cardiff Mkl MIT system

3.2.1. Target application for specification

Given the problems associated with the skull in BIT, brain imaging must be considered 

the most suitable biomedical target application for MIT. As discussed in the previous 

section the detection, classification and monitoring of cerebral stroke is a specific 

application for which both a pressing clinical need exists, and for which suitable 

conductivity contrast between normal and pathogenic tissue conditions exist at the most 

suitable operating frequencies for MIT, that is above 100kHz. Indeed high contrast of 

the order of 200% or more between brain tissue (white / grey matter) and blood is found 

up to frequencies of 100MHz [3].

For the reasons stated above, this application was primarily used to set the initial design 

and performance specifications of the first prototype system, the Cardiff Mkl MIT 

system. The design and performance specifications considered were split into the 

categories described in the following sections.

3.2.2. Operating frequency

A choice must be made between selecting a system with a single operating frequency, 

or one capable of operating at multiple frequencies. Multi-frequency operation brings 

two major advantages. Firstly, it allows frequency difference imaging to be performed, a 

technique commonly employed in BIT to greatly reduce the generation of image 

artifacts due to errors in electrode position and body movements. Difference imaging, 

either by frequency or over tune, is considered a much easier task than absolute imaging 

in highly ill-posed, non-linear techniques such as BIT. Since MIT is also expected to be 

both highly ill-posed and non-linear it follows that difference imaging will also likely be 

of value. Secondly, it allows electrical impedance spectroscopy to be performed. The 

contrast between tissue types and states produced at a single frequency is certainly of 

value in certain applications but, as has been discussed previously in this chapter, a 

great deal of valuable information on biological tissues may be obtained by considering 

the variation of conductivity and permittivity with frequency, especially over the p - 

dispersion region (see sections 2.3.2 and 2.3.3).
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Multi-frequency operation however is very challenging in MIT due to the strong 

frequency dependence of the received signal. In a system capable of operating over a 

decade of frequency, 1MHz - 10MHz for instance, the received voltage signal in a 

receiver coil due to direct coupling from the excitation coil would vary by a factor of 10 

while the signal component due to the induced eddy currents within the sample would 

be expected to vary by a factor of 100. These large variations in the received signal may 

require an increase in the complexity of the receiver circuitry, with the inclusion of 

variable/programmable gain sections in the signal chain for instance.

Very little information has been previously published on the design and performance of 

MIT systems, and for this reason a conservative approach was to be adopted; the Cardiff 

Mkl system would be a single frequency system. The system circuitry would therefore 

be developed to achieve the best performance at a single operating frequency, thereby 

reducing the complexity of the design. This would still allow the likely performance 

over a range of frequencies to be predicted.

The choice of the specific operating frequency was determined by considering the 

following criteria:

1. The operating frequency should be as high as possible to maximise the received 

signals.

2. The operating frequency should be in a range which allows the assumption of 

quasi-static conditions for forward modelling and image reconstructions since 

the intension was to initially use such a quasi-static model.

3. The operating frequency should be within a range providing sufficient 

conductivity contrast for the target application.

Criteria 1 and 3 suggest that the system could operate in the high tens of MHz and up to 

100MHz where the magnitude of the received signals will be large while significant 

contrast between blood and brain tissue is still available. Criterion 2, however, suggests 

that a much lower cut-off frequency may be required. The upper frequency limit at 

which the quasi-static approximation is no longer valid depends on several factors - the 

dimensions of the object, the conductivity and permittivity values within the object and
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signal-noise ratio available from the system. Effectively, the quasi-static approximation 

may be considered to be no longer valid when the errors produced by a quasi-static 

model exceed the noise in the system and begin to create image artifacts. No detailed 

information on this topic to date has been published but one paper estimates that the 

operating frequency should be as low as 100kHz or less [114]. It must be considered 

however that the frequency at which the use of quasi-static model is valid depends both 

on the object being imaged, and the accuracy required.

A compromise between criteria 1 and 3 and criterion 2 was necessary and a further 

consideration was therefore introduced. In two previous studies of MIT, by Korjenevsky 

and Cherepenin [97] and Griffiths et al [9], the systems described successfully 

demonstrated significant signal-noise-ratio in MIT signals from samples with 

biologically relevant conductivities. The systems employed frequencies of 20MHz and 

10MHz respectively. These studies were the most recent, and were considered the most 

relevant, published work on MIT system design and measurements. The adoption of the 

same frequency range was considered suitable since (i) MIT signals had already been 

shown to be measurable and to provide useful SNR at these frequencies and (ii) a more 

direct comparison and validation of these previous studies could be undertaken if 

similar operating frequencies were employed. An operating frequency of 10MHz was 

therefore selected, primarily because it was the frequency employed in the investigation 

described by Griffiths et al [9].

3.2.3. Electrical properties measured and measurement technique

Equation 2-13 states that for a sinusoidal excitation field of angular frequency ro the 

induced eddy currents within the sample will be composed of a conduction current Jc = 

oE and a displacement current JD = -jasoSrE. Based on these relationships the the ratio 

of the magnitude of the displacement current signal to the magnitude of the conduction 

current signal will be given by the relation:

JD 

Jc

3-1
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At a frequency of 10MHz, the ratio JD to Jc for instance of brain tissue (grey matter, sr = 

265, a = 0.29 Sm'1 at 10MHz [3]), blood (sr = 302, a= 1.478m- 1 at 10MHz [3]) and 

ISm'1 saline (sr = 89) are 50%, 11% and 5% respectively.

Based on the above observations it can be assumed that the conductivity data may be 

much more easily derived from MIT measurements since (i) the conduction current will 

typically be significantly larger than the displacement current and (ii) the conduction 

current signal will be in-quadrature to the large primary field signal fluctuations in this 

large signal and may therefore be rejected if a phase sensitive measurement technique is 

utilised. As will be discussed in chapter 3, residual capacitive coupling, which may 

confound measurements, is also expected to be in-phase with the primary field.

It can be seen that a phase sensitive measurement technique must be employed since 

derivation of the conductivity information requires the in-quadrature conduction current 

based magnetic field perturbation to be measured. The in-quadrature component only is, 

in principle, sufficient to allow the reconstruction of conductivity distributions. 

Measurement of this component must be the primary objective. The use of a 

measurement technique which allows measurement of both the in-phase and in- 

quadrature components would however be valuable since it would allow the potential of 

permittivity measurements to be investigated. It would also potentially enable the 

influence of residual capacitive coupling to be determined. The implementation of a 

dual-phase phase sensitive detector system would therefore be an objective.

3.2.4. Transducers

Detection of primary and secondary magnetic fields in MIT can potentially be made using a 

number of different magnetic field sensor types. Table 3-1 shows 9 different technologies 

commonly employed hi magnetometers. The selection of a suitable sensor type for MIT 

depends on several factors including (i) the magnetic flux density range to be measured, (ii) 

the frequency range of operation and (iii) practical issues such as ease of use, size and cost.

Estimates of the primary field flux density were obtained using a finite difference-based 

modeller [64]. The magnetic flux density range for the primary field of a MIT system 

operating over the frequency range l-10MHz (and therefore employing coils of limited
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number of turns and inductance) was estimated to be in the range 10"8 - 10^ T. The 

secondary signal will be much smaller than this and measurements with a precision 

down to just 0.001% of the primary field are desirable, i.e. down to the order of 10" 12 T.

By far the simplest and cheapest sensor for high frequency alternating magnetic field 

detection, and one capable of use over the full range of expected magnetic flux densities, 

displaying exceptionally low noise, is the air-cored search coil. This was also the sensor 

type employed in all of the previous published studies on MIT, and was considered 

therefore the most suitable type for this study given its low cost and ease of implementation.

Magnetic
Sensor

Technology
Detectable field range (T)

10

Squid
Fibre-optic

Optically 
pumped
Nuclear 

precession
Search Coil

Flux-gate
Hall Effect

Anisotropic
Magnetoresistive

Giant
Magnetoresistive

Table 3-1 Magnetic field sensor technologies, showing the magnetic field range over which they 
potentially may operate (adapted from [115])

3.2.5. Array geometry and number of channels

An MIT coil array can have any number of geometries such as annular, hemispherical, planar 

etc. The annular transducer array, with the transducers placed at equidistant positions on a 

circle surrounding the object under investigation, is commonly used in EFT and was also used 

in the design of Korjenevsky and Cherepenin [97]. This particular design has the benefit of 

providing an even distribution of sensitivity in measurements in cylindrical and spherical 

objects. The adoption of an annular array would allow comparison of measurement
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performance with the Moscow system and comparison of image reconstruction performance 

and characteristics with both the Moscow system and EFT images.

The spatial resolution of reconstructed tomographic images for annular arrays is 

proportional to the number of independent measurements and hence channels, at least 

up to the order of 16 or 32 channels depending on the SNR of the system, hi the 

tomographic image reconstruction process employed in BIT for instance, it is common 

to allocate the same number of image pixels as independent measurements - fewer 

pixels than measurements and the problem is considered over-determined, more pixels 

than measurements and the problem is considered under-determined. Equal numbers of 

pixels to independent measurements is considered optimal as regards the spatial 

resolution of the reconstructed image.

For a system with N excitation and N detection coils, the number of independent 

measurements is N2 . If the same coil is used for both excitation or detection, or if some 

of the excitation and detection coils are close together   they are wound on the same 

coil former for instance - then the reciprocity principle [116] states that only half the 

measurements are independent, i.e. N2/2. The number of independent measurements 

will be reduced further to (Nx(N-l))/2 if one of the detection coils is used as a reference 

coil, as in the case of the Moscow system. The pixel area as a proportion of the total 

image area can be calculated for such a system for different numbers of coils and this is 

shown in Table 3-2.

Independent Percentage
Number of Measurements of total image

coils N ((Nx(N-l))/2) area
2 1 100.00%
4 6 16.67%
8 28 3.57%
16 120 0.83%
32 496 0.20%
64 2016 0.05%

Table 3-2 Pixel area as a proportion of the total image area by numbers of coils
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To achieve a pixel area equivalent to less than 1% of the total image area - a value 

corresponding to the relatively low image resolution of 10 x 10 pixels - requires the use of 

at least 16 coils. The use of fewer than 16 coils would produce images of limited value 

given the very poor intrinsic image resolution. The use of more coils such as 32 or 64 may 

potentially improve the spatial resolution although given the likely ill-posed nature of 

MTT reconstruction, not to the extent suggested in table 2.2. Both the systems complexity 

and the time taken to acquire a frame of data would greatly increase however, and for this 

reason a 16 channel system is considered optimal for a first prototype.

As regards the dimensions of a prototype system, the array should be able to hold a 

human head, or more specifically a human head phantom, but should also be small 

enough such that the cross-sectional area of phantoms placed within it represents a 

significant proportion of the total detection area.

The type of screen employed in the design of Korjenevsky [8], a conducting shield 

constructed from aluminium, was also to be adopted for this design. This type of screen was 

simpler, lighter and less expensive than magnetic type screens (discussed in section 4.3). 

The screen also provides a convenient rigid chassis to secure the coils to, and an excellent 

ground plane for the control of electric field coupling.

3.2.6. System control and measurement systems

Control of the MIT systems channel selection and the measurement device would be 

implemented via a workstation. Communication from the workstation to control, 

multiplexer and measurement devices was to be via dedicated digital I/O lines, RS232 serial 

bus and GPIB (General Purpose Instrumentation Bus). The design should allow some 

degree of modularity and flexibility in that each of the major system components, excitation 

and receiver circuits, control system, signal multiplexer and measurement system could be 

replaced with alternative designs to aid system development.
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3.2.7. System measurement precision

It was not clear at the initiation of this project what measurement precision would be 

required for biomedical applications in general and the application of cerebral stroke 

classification in particular. A series of computer simulations and measurements on 

phantoms would be required to be carried out. The computer simulations are a major 

project in themselves and are outside the scope of the study. Measurements on 

phantoms would require at least a single channel system to be constructed.

It was therefore decided to set the target specifications for the measurement precision of 

the prototype based on the performance of the Moscow and Cardiff MIT systems. The 

objective would be to attempt to produce an electronically scanned multi-channel 

system with a performance matching, or preferably exceeding, the performance of these 

two systems.

The measurement precision of these systems, expressed as phase noise (short term, less 

than a few seconds, variation of phase), and phase drift (longer term variation of the 

phase, over periods of minutes to hours), are shown in Table 3-3 with data taken from 

[8] and [9] for the Moscow and Cardiff systems respectively.

System Phase Noise (m°) Integrating time Phase drift
(ms) (m°)

Moscow 280 4 Not quoted

Cardiff 6 480 100 over lOmin

Table 3-3 Quoted phase measurement performance of Moscow and Cardiff MIT systems

The superior phase measurement performance of the Cardiff MIT system is likely to be 

due to a large extent to the use of a back-off coil which is expected to reduce the 

influence of phase drift on the system for reasons described in detail in chapter 5. It was 

unclear, however, how a practical back-off coil arrangement could be designed for a 

multi-channel system and for this reason the measurement performance of the Moscow 

system, which is an electronically scanned multi-channel device, was selected as the

target specification.
-
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Design specification Specification selected
Operating frequency Single frequency 10MHz 

Electrical properties measured and • Conductivity 

measurement technique   Possibly permittivity

  Phase sensitive detection

Array geometry, dimensions and number • Annular array 

of channels   16 channels

  25 - 40cm internal diameter to

allow head / head phantom

Measurement precision • <100m° phase precision for

integration time of < 100ms

Table 3-4 MIT system design specifications selected on biomedical application based criteria

The specifications selected on the biomedical application based criteria described above 

are summarised in Table 3-4. Further system design and performance criteria were 

investigated and set during the development of the system and will be described in the 

following sections of this chapter.
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3.3. Phase Measurement systems: Theory and design 
considerations

3.3.1. Frequency multiplication / mixing

Phase Sensitive Detection (PSD), also called lock-in amplification, is a commonly 

applied technique in signal recovery where a signal is to be measured in the presence of 

large levels of noise, often in circumstances where the noise greatly exceeds the signal 

and negative SNR values are the case.

PSD may be employed where the detected signal s(t) is a periodic signal and a reference 

signal r(t) is available which has a high degree of correlation with the detected signal. If 

the detected signal and reference signal are multiplied together then the result will be a 

further signal v(t), the characteristics of which will depend on the amplitude of the 

detected signal and its phase relative to the reference. The simplest periodic signals to 

analyse are sinusoidal and the output v(t) in this case will be given by [1 17]:

3-2

3-3

v(t)=VsVr cos[(a s + a r )t+4>$ + &]+VsVr CQs[(a s - a r )t+4>s - &} 3-4

Examination of equation 3.3 shows that the signal v(t) is composed of components with 

two different frequencies: the sum component with a frequency co s + cor and the 

difference component with frequency co s - cor .
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s(t)

Figure 3-1 Output of multiplier

If the signal is now passed through a low-pass filter (figure 3.1) the higher frequency 

sum component can be removed leaving the difference frequency and a signal V](t) 

given by

V t (t) = VSV,, COS[O S - fl r X + & - &] 3-5

It can be seen from equation 3.4 that the amplitude and relative phase information has 

been retained during the multiplication operation. If the amplitude and phase of the 

reference is known then the amplitude and phase of the detected signal may be recovered.

3.3.2. Downconversion

If cos * cor then the output signal vi will be a sinusoidal signal with angular frequency co s 

- cor. Frequency translation by the mixing of two or more frequencies is referred to as 

heterodyne mixing. In the case where the output signal is passed through a low-pass 

filter and the output signal frequency is less than the two input signal frequencies the 

process is termed downconversion.

Downconversion is utilised in the Moscow MIT system [8]. The detected signals, which 

have a frequency of 20MHz, are passed through a mixer and mixed with a near 

frequency of 19.98MHz - the near frequency will be referred to as the local oscillator 
signal as in the convention employed for heterodyne radio applications. The output of 

the mixer is then passed through a low-pass filter leaving a 20kHz signal (Figure 3-2). 

The relative phase relationships between all of the MIT systems channels will be 

retained on the downconverted signals if the same local oscillator signal is used in the 

downconversion process for all channels.
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Figure 3-2 Block diagram of the Moscow MIT system measurement circuitry (from [8])

Downconversion serves two primary purposes. It first of all eliminates the need to 

distribute and multiplex the detected signals at the high operating frequency. Severe 

problems with phase stability and cross-channel isolation would be expected during 

these operations. Secondly, it potentially reduces the difficulty inherent in phase 

measurement at high frequency.

Downconversion using analogue mixers may itself however introduce phase noise and 

drift to the detected and reference signals. The impact of downconversion on 

measurement precision was investigated and is described hi sections 4.3-4.7 and section 

4.11.4. The use of mixers may also introduce significant practical issues including 

limited cross-channel isolation, especially for passive mixers, and intermodulation 

distortion. A discussion on, and measurements of, cross-channel isolation within the full 

MIT system is described in section 4.11.3.

3.3.3. Synchronous demodulation

If cas = «r, i.e. homodyne mixing is used, then the output signal vi will provide a 

response given by

3-6

If the amplitude of the reference signal is fixed then the output vi will be a DC signal 

proportional to the amplitude of the signal s(t) and the relative phase difference between

85



Chapter 3 The Cardiff Mkl MIT system: specification and system components____

the signal s(t) and the reference signal. This process is termed synchronous 
demodulation, phase sensitive detection or lock-in detection.

The method may be used to perform amplitude demodulation, by using a fixed phase 

offset of 0° between the signal and reference channels. This arrangement may also be 

used for phase demodulation by ensuring that the amplitude of both the signal s(t) and 

reference r(t) are constant and setting the phase between the signal and reference 

channels in-quadrature. In this case the output response of the mixer will be given by

= Vs Vf 3-7

where Aq> is any change of the phase difference between the signal and reference channels. 

If the signal is split between two mixer channels with one provided with in-phase and the 

other with in-quadrature references, then vector voltmeter measurements may be carried.

3.3.4. Dual-phase lock-in detection

If changes in both the amplitude and phase of the signal s(t) are to be measured then 

dual-phase lock-in detection must be performed. In this case quadrature square wave 

references signals are synthesised from the reference signal, typically using a 

comparator, phase shifter and a fixed 90° phase shifter. The in-phase and in-quadrature 

references are then mixed with the input signal s(t) hi two mixers and the outputs are 

passed through low pass filters as shown in Figure 3-3.

Detecte 
signal

s(t)

Reference 
signal

r(t)

T Channel 2

Figure 3-3 Schematic of two-phase lock-in amplifier
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If the amplitude and phase of the detected signal is Vs and <ps then the output of channel 

1 will be the in-phase component Vi = Vscos(cps - (pref), while the output of channel 2 

will be the in-quadrature component V2 = Vsin(9s - (pref). The signal components may 

then be converted to polar form by Vs = (Vi 2 + V22)'/2 and <ps = tan^CWVi).

Two phase lock-in amplifiers are commercially available (see section 4.8) and are widely 

used in a number of applications requiring signal recovery or accurate phase 

measurement. Analogue lock-in amplifiers employing analogue mixers and filters have 

been available for a number of years but are being replaced by digital lock-in amplifiers 

employing Direct Digital Synthesis (DDS) signal generators and digital mixing and 

filtering . The use of a digital lock-in amplifier for MIT signal measurement is described 

in sections 3.7 and 4.6.

3.3.5. Phase Measurement systems

The techniques of downconversion and phase sensitive detection may be employed to 

perform accurate phase measurement. Practical schemes for phase measurement 

systems employing these techniques are described below.

3.3.5.1. Linear Phase Detector

As stated in section 3.1.2 a single-phase linear phase detector may be produced by 

performing homodyne mixing using the circuit of figure 3.1. The output will be 

described by equation 3.6 and it can be seen that the output vi will provide a sinusoidal 

response with phase. The phase detector will therefore be linear only for small phase 

changes such that sin(A9) « A<p.

This scheme is relatively simple but is not without practical difficulties. Firstly, the 

reference signal must be set to 90° accurately and any phase drift between the input and 

reference signals will appear in the output as an apparent phase shift. Producing an 

accurate 90° phase shifter capable of providing <100m° phase drift over an extended 

period, between the system calibration and measurement cycle, is expected to be a 

difficult task. The phase shifter would also need to be programmable since it would
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need to be adjusted to 90° for each excitation / detection channel combination to 

compensate for variations in the relative phase offset between channels.

A second limit to measurement precision for mixer-based linear phase detectors is DC- 

offset. Mis-matches between the diodes and transformers windings within double 

balanced mixers and linear phase detectors lead to temperature dependant DC-offsets 

which will produce spurious phase measurements. Custom built phase detectors are 

available which minimise DC-offset through careful selection and matching of 

components, but even here the DC-offsets are significant. Examination of manufacturers 

datasheets and application notes suggests that at typical room temperatures the DC- 

offset produces a phase temperature coefficient of ~ 20m°/K (based on DC-offset of 

3|aA/K into 50Q load with a phase detector with sensitivity 8mV/° [118]).

Direct synchronous demodulation of the detected signal was however employed by Gough 

[119] hi a single channel MIT system. A 'chopping' technique, with the reference signal 

chopped to provide a square wave output from the mixer which was subsequently 

demodulated, was employed and was found to provide good phase precision. It was not 

clear, at least at the beginning of this project, as to how a multi-channel version of the 

technique could be implemented since each detector channel would need to be provided 

with its own reference signal, all of which would need to be frequency locked, 

independently programmable/variable in phase and highly phase stable. A scheme suitable 

for a simple multi-channel of this method was however subsequently developed and this is 

described in chapter 6.

3.3.5.2. HF analogue - digital conversion

In this scheme the detected signal is digitised by an ADC immediately after the coil, or 

more likely after an input buffer amplifier (Figure 3-4).

This method is again apparently simple to implement and appears to offer significant 

advantages: once the signals are digitised then cross-channel isolation, noise and phase 

stability problems during signal distribution and multiplexing are removed and further 

signal processing operation will also have no effect on the signals noise and stability.
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Detection 
coil

Input
buffer
amplifier

Figure 3-4 High frequency ADC scheme

This scheme however presents practical difficulties for implementation in a multi 

channel annular array. Here the detected signal will be expected to vary in amplitude by 

up to 60dB between the detection coils nearest to the active excitation coil and the 

detection coils furthest from the excitation coil. Very low phase noise/drift 

programmable gain amplifiers (PGA) would be required, or the ADC would require a 

sufficiently high resolution in terms of bits in combination with signal averaging to 

achieve the required phase precision. Assuming a target phase precision of 100m° then 

the basic, non-averaged, precision required to detect this change would be given by 

tan'^lOOm0). This is equivalent to 10 bit precision for a system using a PGA. For a 

system with a fixed gain however, a further 60dB of precision would be required, or 20- 

bit precision in total.

If the system's operating frequency is 10MHz, then the ADC sample rate would be 

required to be at least 20Msample/s to meet the Nyquist criteria. At the initiation of this 

project (2000) the required combination of ADC precision and speed was not available, 

especially at a suitable cost where one ADC could be incorporated into each receiver 

module. This method was therefore not selected at this point of time.

3.3.5.3. Down-conversion and phase detection at low frequency

Downconversion may be employed to translate the detected and reference frequency 

signals to a much lower frequency before signal distribution and measurement, an 

approach used in the Moscow MIT system. A schematic of a downconverting phase 

measurement system is shown hi Figure 3-5.
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The detected and reference signals with frequency fi are both mixed with a local 

oscillator signal of frequency f2 and are then passed through low-pass filters to provide 

two downconverted signals with frequency fj-f2 which have the same phase relationship 

as the original signals. In the case of the Moscow system, for instance, the detected and 

reference signals are at 20MHz and the local oscillator is set to 19.98MHz resulting in 

two downconverted signals of 20kHz.

Detected 
signal

Reference 
signal

Low Frequency
Phase 

Measurement
device

Local oscillator 
signal

Figure 3-5 Downconverting phase measurement system

The downconverted signals are passed to a low frequency phase measurement system 

which may be implemented hi several ways. Three potential implementations of low 

frequency phase measurement systems are listed below.

(a) Linear phase detector

The signals may be passed to a multiplier or mixer set up as a linear phase detector. The 

main benefit provided by downconversion is that it is much easier to create a stable 

phase shifter circuit for the low frequency signals.
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(b) XOR-based phase detector

This is the method employed in the Moscow system. The downconverted signals are 

passed through limiting amplifiers and converted to square waves (Figure 3-2). These 

are then converted to digital pulses either by using a comparator or by passing them 

directly to a logic gate. The time difference between the two pulses corresponds directly 

to the phase difference. The time difference may be measured either by passing the two 

signals to an XOR gate and using the output pulse of the gate to enable a fast counter, or 

by using the two pulses to start and stop the counter directly.

(c) Lock-in amplifier

The downconverted signals are passed to a single-phase or two-phase lock-in amplifier. 

The main benefit here is that a lock-in amplifier can be purchased to provide an off-the- 

shelf phase measurement system with all the components required to provide accurate 

two-phase lock-in detection. Unlike for the XOR-based phase detector, the system can 

measure both the real and imaginary components of the detected signal.

For this project a major objective was to investigate the operational characteristics and 

performance of the two previously described MIT systems and for this reason it was decided 

that a downconverting phase measurement system would be developed. This provided the 

benefit of allowing implementations of both the Moscow systems XOR-based phase detector 

and the Cardiff two-phase lock-in system to be developed from a common basis.

A downconverter system would therefore be developed along with two low frequency 

phase measurement devices, an XOR-based phase detector and a two-phase lock-in 

amplifier system. The performance and characteristics of each phase measurement 

system would then be assessed through measurements.

3.3.6. Phase measurement system performance criteria

It is necessary to identify relevant performance parameters for MIT detector circuits and 

measurement systems. For this study the following parameters were employed:
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3.3.6.1. Phase Linearity and Phase offset

Phase offset is defined here as the relative phase between two sinusoidal signals of the 

same frequency. Phase linearity is defined as the linearity of the response of the detector 

as the phase offset between the two input signals to the detector is varied. The linearity 

is measured in this study using the R2 value obtained from a linear regression fit to the 

(output phase of measurement system) versus (set phase offset) data.

3.3.6.2. Phase Noise

For a specified frequency bandwidth:

the noise in the real part of the measured signal Re(V)

the noise in the imaginary part of the measured signal Im(V) 

alternatively

the noise in the magnitude of the measured signal V

the noise in the measured phase O

Phase noise is defined as the standard deviation of the measured phase over a set of 

measurements taken during a short time period (to minimise incorporating signal drift). 

The time period used varies and will be specified in the details of the measurement set 

up, but will typically be of the order of a few seconds.

3.3.6.3. Phase Skew

Phase skew is in general defined as an unwanted phase change in a signal introduced 

during operations on the signal such as its distribution around a system. In the context 

of MIT circuitry development however a more specific definition will be employed. We 

have defined phase skew here as an apparent change of measured phase due to variation 

in the signal input amplitude.

Ideally for an MIT system the phase skew should be zero such that any variation in the 

real part of the signal, due to excitation circuit output power fluctuation or capacitive 

coupling for instance, does not lead to an apparent phase shift and hence an apparent

change in the measured imaginary signal component which may be misinterpreted as a
 ————
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change produced by conductance eddy currents. Phase skew may be characterised by 

varying the amplitude of the signal input to the device under test (DUT) while retaining 

the same phase (relative to a reference signal with fixed amplitude). The phase of the 

signal output for the DUT is then measured. For the measurements carried out in this 

study the input signal amplitude range was -15dBV to -63dBV which was estimated to 

be representative of the signal ranges to be expected from detector coils.

3.3.6.4. Phase drift and phase temperature coefficient

Phase drift is a major potential performance limiting factor for MIT systems. Phase drift is 

important because MIT is a phase sensitive measurement technique - the conductivity 

information appears on the imaginary component of the received signal. Any variation in 

the phase between the received and reference signal will therefore produce an apparent 

change in the imaginary component and erroneous conductivity measurement data.

Phase drift may be determined by measuring the phase of the output signal of the DUT 

over an extended period   30 minutes or longer. If thermal effects are assumed to be the 

major cause of phase drift, then a more consistent measurement parameter may be used 

- phase temperature coefficient. In this case the DUT is placed in a temperature 

controlled chamber, the temperature is varied and the phase of the output of the DUT is 

measured. As for phase skew the phase TC should be as low as possible.

3.4. XOR-based low frequency phase measurement system

3.4.1. Design of XOR-based phase measurement system

The first component developed was a XOR-based low frequency phase measurement 

system since this was considered to be the simplest type of phase measurement system 

to design and construct. After measurement of its performance this system could then be 

used to measure the performance and aid the development of the downconverter and 

two-phase lock-in amplifier systems.

A standard method employed to measure the phase difference between two sinusoidal signals 

involves squaring the signals and measuring the time difference between the zero crossing
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points. Squaring the signals may be achieved by passing them through a comparator. 

Measurement of the time difference between the squared received and reference pulses may 

then be carried out either by using the two pulses to enable and disable a counter, the method 

employed by Korjenevesky et al [8], or by passing the two signals through an XOR gate and 

then measuring the width of the output pulse from the XOR-gate using a counter. The second 

melhod was implemented in the circuit shown in Figure 3-6.

LM319

74HC86

Figure 3-6 XOR-based phase measurement circuit

The comparators were initially set up with 15mV of hysteresis determined by the choice 

of 330kQ and IkQ feedback resistors. The 4.7nF capacitor provided a.c. hysteresis. 

The comparator used was a LM319 and the XOR gate was one gate of a 74HC86 

device. The circuit was implemented on a two layer PCB.

3.4.2. Performance measurements on the circuit

The output pulses from the comparator /XOR circuits were recorded by a IGSample/s 

oscilloscope (Tektronix TDS210) which was employed as a Ins resolution counter. The 

oscilloscope performed an automatic measurement of the pulse width and transferred 

the data to a PC via a GPIB port, allowing measurements of pulse widths to be 

automatically recorded for analysis.

A number of papers [120-123] have drawn attention to two major sources of error with 

XOR-based phase detectors; errors due to variations of input offset and harmonic 

distortion. Errors from both sources can be removed, at least for even-harmonic
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distortion, by computing the time difference between the pulse centres rather than the 

zero-crossing points. Practically this is achieved by averaging the rise and fall pulses - 

there are two output pulses from the XOR-gate of different width for each set of input 

pulses associated with the rise edge and fall edge of these pulses. Both types of error 

result in the width of the pulses produced at the rise zero-crossing and fall zero-crossing 

differing. The phase difference <I> is then given by:

= r 3.8

Where Or and Of are the angles calculated from the rise and fall pulse widths 

respectively.

However one of the pulses will disappear, and the above relationship breaks down if the 

following condition is matched,

sin- -sin

where Vosi and VOS2 are the differential input offset voltages and VPA and VPB are the 

respective input amplitudes. The ratio of input offsets to input amplitudes therefore sets 

a minimum phase angle which can be resolved with a simple pulse averaging system.

Averaging the rise and fall pulses was accomplished by triggering the oscilloscope with 

the outputs of the comparators. This enabled either the XOR-gate rise pulse to be 

measured or the fall pulse depending on which comparator output was used for 

triggering. First, 20 measurements of the rise pulse width were collected, then 20 of the 

fall pulse width, and the set of 40 results were used to find the average value of pulse 

width. The standard deviation of the pulse widths was the average of the standard 

deviation calculated for the 20 rise and fall pulses separately.

3.4.3. Phase reference

To determine the linearity of the phase measurement system, a phase reference was 

required which enabled two signals with variable phase offset between them to be input 

into the phase detector. A simple analogue phase reference was therefore constructed 

based on two single-break frequency RC networks (Figure 3-7).
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AC 
input

Ca

Cb

Bypass switches

R1 R2 Variable
Phase 
output

Rb

92

Figure 3-7 Analogue Phase reference circuit

The phase difference response of the above circuit can be described by

.-I -tan 1
2xfRbCb

3-10

For a given set of Ra, Rb, Ca and Cb, the output then will have a phase offset determined 

by AR, chosen by bypassing via switches a set of resistors RI - Rn. The capacitors 

employed were IQnF silver mica capacitors with temperature coefficients of SOppm. Ra 

and Rb were set at 14.3kQ allowing, in combination with the AR resistors, variation in 

0.044° to 0.01° steps over the phase offset range 0° - 5°. A set of 8 resistors (0.1% 

precision, temperature coefficient 15ppm) with values of 100Q - lOkQ provided 

variation of AR. The switches used had measured capacitances of 5 ± O.SpF and contact 

resistances of 50 + 5mQ. The resistors, capacitors and switch values were measured by 

precision LCR meter (Hameg HM8014/18). A function generator (Thurlby Thandar 

TG210) provided al 0.25kHz input to the analogue reference for all measurements.

The AC-coupled, high-pass, configuration of the RC network was chosen in this case 

since it provided the lowest variation of output amplitude over the range 0 - 5°, and 

minimised DC input offset variation appearing at the outputs. Unity gain buffers were 

used at the inputs and outputs to avoid loading effects.
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3.4.4. Measurement results

The results of the measurement of the phase detector output pulse width variation vs 

phase reference phase offset between 0 - 3.5° are shown in Figure 3-8.
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Figure 3-8 Phase detector output pulse width variation vs phase reference phase offset

The phase detector circuit appears to provide a linear response down to a phase offset of 

0.044° and with an average standard deviation of 0.03° over the range 0-5°. With a 

phase offset below 0.1°, however, it was noted that the pulse height decreased. This 

was expected given that the propagation delay of the 74HC86 device is quoted as 1 Ins, 

which is of the order of the expected pulse width. From this it is possible to conclude 

that the XOR logic device can only produce a linear response down to a phase offset 

corresponding to double the device's propagation delay.

The results obtained suggest that for low frequency signals such as the 10kHz employed 

in the above measurements, the circuit design of Figure 3-6 in conjunction with a fast 

counter system was capable of providing a highly linear phase response over the range 

0-5° with low phase noise (standard deviation ~ 0.03°).
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3.5. Downconverter system

3.5.1. Downconverter system design considerations

A downconverter system will in general include the following components: (i) high 

frequency input buffer amplifiers, (ii) mixers and (iii) low pass or bandpass filters 

(Figure 3-9).

HF input buffer 
amplifiers

Mixers Lowpass / bandpass 
filters

Detected 
signal

Reference 
signal

Local oscillator 
signal

Figure 3-9 Schematic diagram of downconverter system

The HF input buffer amplifiers provide impedance buffering between the detection coil 

and the mixers. Mixers will, in general, have an impedance of 50 - 75Q since they are 

designed to be used in RF systems in which components and subsystems typically have 

matched impedances to optimise signal power transmission. With a relatively low load 

impedance of 50Q, the detection coils may be considered to be effectively shorted 

however, and complex and difficult to control interactions between the coils may 

become more likely. Either the coils need to be fully isolated when not active by the use 

of a relay for instance, or a high impedance buffer will need to be placed between the 

detection coil and mixer. Differential input buffers also may be used to perform 

balanced - unbalanced signal transformation, providing common mode rejection which 

may help reduce capacitive pick-up, ie coil-coil interactions via electric fields.
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Mixers should be double-balanced or triple balanced types since these are recognised to 

provide benefits in frequency translation applications including good isolation across 

the ports and cancellation of even harmonics. The mixers may be passive types, 

comprised of transformers and a ring of 4 switching diodes, or active types in which 

cross-coupled differential amplifiers (Gilbert cells) are employed. Passive mixers have 

been considered to provide lower noise performance and better linearity than active 

mixers but at the price of higher local oscillator signal level requirements. This situation 

is likely to change given the level of activity in active mixer development.

The filter section removes the sum frequency and any residual high frequency 

components and passes the low frequency difference output of the mixers. Either a low- 

pass filter or a band-pass filter centred on the difference frequency may be employed. 

The order of the filter and the response type, e.g. Butterworth, Chebyshev e.t.c., should 

be selected based on ease of implementation and performance.

The development of the downconverter system proceeded in two steps as follows: 

(i) design and characterise the mixers + filter sections

(ii) design and characterise the full downconverter system - input buffer amplifiers + 

mixers + filter sections

A decision was made to investigate the performance of the mixer and filter section 

together since it was believed that frequency content of the mixer outputs would be very 

different in character from a simple low frequency single-tone signal from a frequency 

generator and more relevant information would be provided by considering these two 

components together for this reason. At each step the impact on the phase noise and drift 

performance of the system was assessed through measurements using the phase detector 

described in section 3.4 as each new component was incorporated in the system.

3.5.2. Mixer and Filter section

3.5.2.1. Filter section design and noise measurements

The first designs considered for the filter section were based around the MAX274/275 

(Maxim Integrated Products, California, US) [124] family of active filter devices. The
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MAX275 comprised two 2nd order filter sections per i.e., while the MAX274 comprised 

four 2nd order filters per i.e. Both are programmed by the addition of external resistors 

whose values are selected with the aid of a software design tool. These devices were 

selected since they offered ease of implementation of filters up to 8th order in low-pass 

and band-pass forms and with common responses such as Butterworth and Chebyshev.

Two filter circuits were designed and constructed with centre frequency / cut-off 

frequency fc, -3dB frequency bandwidth ft, and gain A as described below:

Filter 1 8th order Butterworth bandpass with fc = 1 OkHz, fb = 2kHz, A = 20dB 

Filter 2 4th order Butterworth lowpass with fc = 15kHz, fb = 2kHz, A = 12dB

Suitable mixers for the downconverter, Minicircuits SBL-1 passive double balanced 

mixers, were selected and incorporated into the circuits.

To measure their performance as regards the phase noise each circuit introduces, the set 

up shown in Figure 3-10 was employed. Two signal generators, a PM5193 and a 

PM5134 (both of Philips, Industrial and Electroacoustical Systems, Germany) provided 

the RF and LO signals.

PM5193 
RF signal

PM5134 
LO signal

HF phase 
reference

Figure 3-10 Set-up for measurement of phase noise introduced by mixer and filter sections

The HF phase reference circuit shown in Figure 3-11 was used to allow a variable phase 

offset to be set between the two mixers to allow linearity to be measured. The phase 

offset was calculated using equation 3.9.
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C1

C2
{>

R2 HA5002

Figure 3-11 HF phase reference

Cl and C2 were ceramic capacitors with measured values of 307pF and 329pF respectively 

and Rl was alOOkQ (0.1%, 50ppm temperature coefficient) metal film resistor. The phase 

offset was varied by placing and soldering a resistor between two holding pins, with R2 

resistor values of 100Q, 215Q, 390Q, 464Q, 806Q, 1500Q, 6300Q, lOkQ, 24.3kQ and 

Sl.lkQ providing phase offsets in the range 25.7° - 0.026°. Again 0.1%, 15ppm 

temperature coefficient metal film resistors were employed for R2. The HA5002 devices 

were unity gain buffer amplifiers and these were employed to provide impedance buffering.

Measurements of the phase linearity and phase noise, based on the standard deviation of 

the phase detector pulse width, were then carried out separately on each filter, and for 

the two filters cascaded together with first the band-pass, then the low-pass. The results 

of the phase calibration / linearity measurements are shown in Figure 3-12, while the 

phase noise / standard deviation measurements are shown in Figure 3-13. A linear fit to 

the phase linearity data was made and the equations of the line and the R2 value are 

shown on the graph next to the relevant trend line.

For the measured phase versus set phase on the phase reference the data shows linear 

behaviour over the phase offset range 0-12°. The calibration factor was of the order of 

1.20 for both the band-pass and low-pass filter but was found to differ significantly 

(0.89) for the cascade of the two filters.
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Figure 3-12 Measured phase (on phase detector) vs set phase (on phase reference) for (i) 8 th order 
bandpass, (ii) 4th order lowpass and (iii) cascade of both filters
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Figure 3-13 Standard deviation of phase (on phase detector) vs set phase (on phase reference) for (i) 
8th order bandpass, (ii) 4 th order lowpass and (iii) cascade of both filters

The results of the measurement of standard deviation (SD) of the phase, i.e. phase noise, 

measured by the phase detector vs the phase offset set by the phase reference were 

unexpected. For both the band-pass and low-pass filters the phase noise appeared to be 

proportional to the phase offset with SD of phase » 4% of the phase offset. For the 

cascaded filters the SD of the phase also appeared to be proportional to the phase offset 

but to have a lower factor of proportionality, in this case -1.2%. The observed SD of
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measured phase however was observed to be somewhat higher for the cascaded filters, 

with a mean SD of 0.6° over the phase offset range of 0 -12°.

The drift of the cascaded filters were measured over a 15 minute period by measuring the 

phase detector output pulse width once per second for 900 samples. A running average of 

10 pulse widths was then calculated to smooth the data and remove the contribution of 

phase noise. The measured long term phase variation, i.e. phase drift, was 250m°.

The performance of the cascaded filter design - a 12th order Butterworth filter with a 

total gain of 32dB - was considered to be acceptable as regards phase noise and phase 

drift for use in the next phase of the study, the emulation of the results described by 

Griffiths era/[9].

The linear relationship between the observed phase noise and phase offset however was a 

concern and after a set of measurements designed to analyse the contribution of each 

component of the phase detection system the cause of the linear dependency of phase 

standard deviation with phase offset was discovered. The HF phase reference was found to 

introduce this effect. For each set phase offset a different resistor was soldered to two holder 

pins. Unfortunately only 1 minute was typically given between attaching the resistor and 

taking the measurement. Even though the resistors employed were very low (15ppm) 

temperature coefficient components, this was still too little time to allow the temperature 

and hence resistance to stabilise causing a resistance drift which was translated into a phase 

drift. This short term phase drift was then translated into an apparent increase in the phase 

measurement standard deviation. This indicated that a more stable and flexible high 

frequency phase reference was required and would need to be developed.

3.5.2.2. Frequency content of mixers outputs: effect on phase noise

Some knowledge of the frequency content of the signal output of the mixers after 

downconversion would be valuable as this may have an impact on the phase noise 

performance. The frequency content of the downconverted signal and the phase offset 

between the two mixers outputs as a function of frequency were therefore measured to 

provide an estimate of the impact of frequency stability on the phase measurement.
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The two frequency generators employed in the measurements described in section 3.3.2, 

a Philips PM5193 and Philips PM5134, were connected to two Mini-Circuits SBL-1 

mixers as shown in Figure 3-14 and the frequency output of the mixers was observed on 

the spectrum analyser display of a Tektronix TDS210 oscilloscope. The PM5193 

output, a signal of 10MHz at OdBm, was split and passed to the two RF ports of the 

mixers. The PM5134 output a signal at 9.99MHz at 7dBm which was split and passed to 

the LO ports of the mixers.

PM5193 
RF signal

PM5134 
LO signal

TDS210 
oscilloscope

Figure 3-14 Set-up for measurement of frequency content of mixer output after downconversion

Similar spectra were obtained from both mixers and the spectra of one of the mixer 

outputs between 8kHz and 12kHz is shown in figure 3.10. No other frequencies 

components between 5kHz and 30kHz were observed apart from the 2nd and 3rd 

harmonics which had values of -24dB and -20dB respectively.
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Figure 3-15 Frequency spectrum of mixer output after downconversion
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The output can be seen to be a fairly wide peak centred on the expected value of 10kHz. 

The width of the spectra at -3dB from the peak was 320Hz. The width of the 

downconverted signal frequency was considered to be due primarily to differential variation 

of the output frequency of the two frequency generators - typical amounts of clock jitter 

such as 20ppm at 10MHz represent instantaneous variations of frequency of 200Hz. The 

small variations are greatly amplified in proportion to the signal of interest during the 

frequency translation since although the downconverted frequency is divided by a factor of 

1000 in this case, the differential variations between the two generators will not be.

The two frequency generators were then attached directly to the oscilloscope and the 

frequency spectrum of each was captured. The results, displayed hi Figure 3-16, show 

that both generators display a significant, and approximately equal, spread of 

frequencies around their nominal value.

Figure 3-16 Frequency spectrum of output of Philips PMS193 (black line) and Philips PM5134 
(grey line) signal generators. The divisions in the x-axis (frequency) are 20kHz and y-axis

(amplitude) lOdB

To investigate the potential impact on the measured phase due to the observed 

frequency variation of the downconverted signal, a signal from the PM5193 generator 

was split and fed directly into the band-pass filters, bypassing the mixers. The phase 

response vs the frequency was measured and the results are displayed hi Figure 3-17. 

The graph suggests that, for a frequency variation of 160Hz either side of 10kHz, a 

corresponding total phase variation of 1.4° should be observed. This figure is 

significantly larger than the standard deviation of phase, 0.2°, observed for the
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combined circuit with both mixers and filters shown in Figure 3-13, but it does 

demonstrate that this is a mechanism through which variation in the frequency of the 

downconverted signal may be translated into a measured phase shift.

Improvements hi the phase noise performance of the system should be possible either 

by improving the filter design by matching them much more closely so that the 

differential phase vs frequency response is reduced or by using filters with a flatter 

frequency vs phase response. Alternatively, and perhaps more practically, reducing the 

frequency spread of the downconverted signal should also potentially improve the phase 

noise performance of the system.
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Figure 3-17 Phase measurement variation versus frequency for band-pass filter and XOR phase
detector

3.5.3. High frequency stability generators and common clock systems

Two possible means of reducing the frequency spread of the downconverted signal were 

identified. The first means was simply to use frequency generators which had improved 

clock jitter / frequency stability output. The second was to employ a common 'master' 

clock for both generators.
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3.5.3.1. High frequency/phase stability signal generators

Three parameters which are commonly used to characterise signal sources are (i) phase 

noise, (ii) frequency stability and (iii) ageing. These refer to short term, medium term 

and long term variations of the sources output respectively.

Phase noise refers to the short term phase variation of the source due to random 

frequency fluctuation of the signal, typically specified in dBc at I Hz, lOHz, lOOHz etc. 

frequency offsets from the nominal frequency of the signal. The lower the value, the 

better the short term frequency/phase performance of the source. Noise is introduced 

into signal sources oscillator output through a variety of mechanisms with different 

noise sources are labelled according to the mechanism by the terms white phase, flicker 
phase, white frequency, flicker frequency, and random walk frequency noise.

Frequency stability is a measure of the degree to which an oscillator can maintain a 

nominal frequency value over the medium term. The most important influence on 

stability is temperature and hence frequency stability is typically quoted by stability in 

parts per million (ppm) over a specified temperature range or a temperature coefficient 

ppm/°C may be specified. Ageing refers to long term and permanent changes in the 

frequency of the sources output and is related to structural and material changes in the 

oscillator such as stress relief and quartz degassing. Ageing is considered a less 

important parameter here since if one or both of the signal sources, i.e. excitation and 

LO, are programmable in the MIT system then long term variation of the frequency 

sources may be compensated for. Phase noise has an obvious impact on the performance 

of a system since large values will result in correspondingly large values of frequency 

and phase noise in the downconverted / demodulated signal. Frequency stability would 

be expected to manifest itself as phase and frequency drift, with changes occurring over 

the timescale of seconds/minutes correlated with environmental changes of in particular 

temperature.

Oscillators, the primary source of the signal of a generator, are split into three main 

categories: LC resonant circuits, quartz crystal oscillators and atomic oscillators. The 

first type are based on LC resonant circuits with positive feedback to provide sustained 

oscillations. They are cheap to produce but have very low frequency stability are not
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considered suitable for application in MIT systems for this reason. Atomic oscillators 

such as caesium and rubidium oscillators, on the other hand, provide the very best 

frequency stability figures but at the expense of size, complexity and cost. They were 

also not considered suitable for this project for these reasons - in particular their cost.

Quartz crystal oscillators provide the advantages of high frequency stability, excellent 

phase noise figures and are physically small and relatively cheap devices. Crystal 

oscillators are further sub-divided into three main categories labeled crystal oscillator 

(XO), Temperature Controlled Crystal Oscillator (TCXO) and Oven Controlled Crystal 

Oscillator (OCXO) devices. TCXO devices include temperature compensating 

components reducing the oscillators frequency vs. temperature coefficient and the 

oscillators in OCXO devices are placed in a miniature oven in which the temperature is 

maintained at a fixed temperature thereby stabilizing frequency. Table 3.5 lists and 

compares available oscillator types.

Parameter Crystal Atomic
resonant

stability
medium

v. small

Low (£2-5)

medium - 

high

small

Low med

(£20-40)

med.-high

small

Medium 

(>£70)

V.high

med

High 

(>£700)

Table 3-5 Comparison of oscillator types. Prices are estimated from a review of suppliers in 2009

For the reasons listed above a minimum specification for an MIT system would be to 

use XO crystal oscillators. Better performance however would be achieved by using 

SC-cut TCXO oscillators or OCXO oscillators with at present TCXO oscillators 

appearing to offer the best price/phase noise performance.

3.5.3.2. Common Clock systems

Where a single oscillator is used as a clock source for both the excitation and local 

oscillator signal generators (Figure 3-18) then it follows that the frequency noise 

component in the output of each signal generator due to the oscillator will no longer be
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uncorrelated. Instead, the instantaneous frequency and phase variations of the output of 

the two generators should track each other. Rather than the combined frequency noise

figure wn = v 2 x a>nl x 6)n2 expected for two sources eon i and co^ which have an 

uncorrelated Gaussian noise distribution, we would expect a combined frequency noise 

figure closer to wn (t) = conl (t) - con2 (t) . Here the noise figures are shown as functions of 

t to indicate that they refer to instantaneous frequency measurements. Differential phase 

noise between the two generators may be introduced however by other components 

peculiar to each system such as phase locked loops. A reduction in frequency / phase 

noise should therefore be achieved in principle by using a 'master' oscillator as the 

clock source for all signal generators within an MIT system.

Measurements using a common clock system

A common clock system was set up by taking a TTL output signal from a PM5134 

signal generator and using this as an external clock for a PM5193 signal generator 

(Figure 3-18).

REF clock out
PM5134

LO signal output

EXT clock in

PM5193
RF signal output

Figure 3-18 Schematic of common clock signal generators arrangement

The signal generators were attached to the test circuit of Figure 3-10 and measurements 

of phase standard deviation vs phase offset were made using the above arrangement 

utilising the cascaded filters, i.e. 8th order band-pass followed by 4th-order low-pass 

filter. The results of the measurements are shown in Figure 3-19.
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Figure 3-19 Standard deviation of phase (on phase detector) vs set phase (on phase reference) for 
cascade of both filters using a common clock for both signal generators

Comparing the results of this measurement with the corresponding ones for the 

cascaded filters using signal generators with separate clocks (Figure 3-13) shows that a 

significant improvement in the phase standard deviation has been achieved by the use of 

common clock signal generators. The standard deviation of phase values for the 

common clock system was in the range 0.08° - 0.16° in comparison to figures of 0.55° - 

0.7° for the separate clock system. The linear relationship of standard deviation of phase 

was again due to resistor temperature coefficient noted in section 3.3.2.

The best results as regards phase noise performance obtained in all measurements was
,1 -rVi

achieved using (i) a cascade of an 8 order Butterworth band-pass filter and 4 order 

Butterworth low-pass filter in combination with (ii) use of a common clock on the available 

signal generators. This arrangement was therefore adopted for the next stage of the study.

3.6. Emulation of the study of Griffiths el al

3.6.1. Set-up of the original study

The Cardiff MIT system described in Griffiths et al [9] was one of just two previous 

prototype MIT systems (section 2.4) for which published descriptions and data were 

available. This single channel system operated at 10MHz and employed a back-off coil
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and a MRI console for the excitation signal source and phase sensitive detector 

measurement system. Figure 3-20 shows a schematic diagram of the system.

The excitation coil was 9cm in diameter and consisted of 3 turns of miniature coaxial 

cable connected as shielded turns with the end of the coil terminated to ground on the 

outer screen. The detection coil was a single turn shielded coil of diameter 1.5cm. A third 

coil of 4cm diameter of 3 shielded turns of coaxial coil was used as a 'back-off coil. The 

back-off coil was placed in proximity to the excitation coil and was mounted in such a 

way that it could be rotated and oriented so that the induced e.m.f. in the coil was in anti 

phase and of equal amplitude to that in the detection coil. The signal from the back-off 

coil was then combined with the signal from the detector coil and the combined signal 

was nulled with no sample in place. This arrangement allowed the sensitivity of the 

system to the primary field to be greatly reduced thereby improving the system's SNR.

10MHz
gate & 

phase shifter 25djj> impedance 
matching

sensing 
coil

excitation 
coil

scan 
direction

Back-off 
roil

impedance 
matching

Figure 3-20 Schematic diagram of the Cardiff MIT system of [9]

In the original study [9] the following measurements were carried out:

  the amplitude of both the real and imaginary components of the received signal 

were measured as a function of conductivity using saline samples (9cm diameter 

cylinder) with conductivities ranging from 0.001 Sm~ to 6 Sm~ .
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  The sensitivity as a function of position was measured using a thin cylinder of 

strong saline.

  Images of cylindrical sample were reconstructed using filtered backprojection 

from measured profiles.

The first two measurements, of SNR and sensitivity as a function of position, were now 

repeated using the new phase measurement system and are described in the next section.

3.6.2. Measurements using the new phase measurement system

Figure 3-21 shows a schematic diagram of the arrangement for the emulation of the 

study of Griffiths et al. All of the components - coils, phase shifter circuits, impedance 

matching circuits and amplifiers - were identical to those employed in the measurements 

of Griffiths et al but with the MRI console replaced by the newly developed 

downconverter system. The, PM5139 and PM5134 signal generators, were locked to a 

common clock derived from the PM5134 and the cascaded filters were employed, an 

arrangement which provided the best noise and drift performance (section 3.5.3.2).

The XOR phase detector was not used since, as hi the original study, measurements of 

the real and imaginary components of the received signal were to be measured. Instead 

the outputs of the downconverter, the detected and reference signals downconverted to 

10kHz, were passed directly to a TDS210 oscilloscope (IGSample/s, 8-bit ADC) where 

the signals were digitised. The signals were stored and averaged over 128 cycles 

internally within the oscilloscope and were then transmitted to a PC via a GPIB 

interface. A non-linear regression package (DataFit 7.0, Oakdale Engineering) was then 

used to fit the curve y = Asin(Bx+C) and derive the parameters A and C, i.e. amplitude 

and phase with B specified and equal for both curves using an algorithm based on the 

Levenberg-Marquardt method. The phase difference between the two signals was then 

used to calculate the real and imaginary components of the detected signal.
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Figure 3-21 Schematic diagram of the measurement set-up of Griffiths et al incorporating new
downconverter system

The system was 'backed-off, that is the back-off coil was adjusted to achieve a null 

signal at the detector channel output of the downconverter, and a 9cm diameter beaker 

filled (500ml) with 28m"1 saline was then placed at different positions along the line 

midway between the excitation and detection coils.

Figure 3-21 shows the AV/V versus displacement expressed as a percentage where AV 

is the change in the signal introduced by the sample and V is the measured signal before 

the system is backed-off and without a sample in place.
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Figure 3-22 Measured AV/V versus displacement with a 500ml beaker filled with 28m'1

The results obtained are shown in Table 3-6, along with those obtained by Griffiths et al 
for comparison. A similar value and behaviour for the change in the imaginary signal 

component Im(AV/V ) was obtained but the value obtained for the change in the real 

signal component Re(AV/V ) was significantly less and it is unclear why this was the 

case. The value for the noise, defined as the standard deviation of the total detected 

amplitude was 2-3 times higher for the new downconverter system in comparison to that 

obtained using the MRI console. The integration time used in the study of Griffiths et al 
was 480ms in comparison to an estimated integration time of 51ms using the 

oscilloscope and curve fitting method used with the downconverter.

Maximum change real (%)

Maximum change imaginary (%)

Noise (standard deviation %)

Griffiths et al

0.6

-2.2

<0.01

Downconverter

0.02

-1.76

0.02

Table 3-6 Maximum change in Re(AV/V), Im(AV/V) and the standard deviation of amplitude for 
the measurement results of figure 3.21 and from the study of Griffiths et al
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A series of further measurements were carried out and it was noted that the MAX274 

and MAX275 filter devices, which had a quoted total noise value of 120|^V r.m.s. hi the 

frequency band lOHz - 10kHz, introduced significant noise into the downconverted 

signals . An improvement hi the noise of the circuit, to 0.008%, was achieved by adding 

a high frequency preamplifier, a LM6365 set up as a single op-amp inverting amplifier 

with a gain of 33, before the inputs to the mixers.

3.6.3. Discussion of results of measurements

The results of these measurements suggest that the downconverter and phase detector 

design described could certainly match the performance of the MRI console employed 

in the study of Griffiths et al. However, several practical issues with this arrangement 

were noted during the measurements. These included the following observations:

3.6.3.1. Filters

The MAX274 and MAX275 filters performed adequately but were observed to have 

poor noise characteristics. They were also, in combination with the required external 

resistor network, space consuming. The layout of the design was considered too large 

for practical use if they were to be placed in proximity to the mixers, which themselves 

may be in close proximity to the detector coils and placed within a relatively small 

enclosure. The results of measurements described in section 3.3.3 also suggested that, if 

a high stability oscillator was employed, a higher order filter may not be needed. For 

these reasons replacement of the MAX274/275 design by a simpler, smaller, low filter 

order op-amp-based design was considered.

3.6.3.2. Back-off

The use of a back-off coil appeared to provide improvements in signal noise ratio but it 

was observed that it was impossible to sustain a signal null over more than 1 minute and 

very significant drift in the signal was observed. It was assumed that this drift was due 

to a lack of mechanical stability (vibration or temperature) and/or drift in the capacitors 

on the back-off coils impedance matching circuit.
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A second issue with the use of a back-off coil is that no practical implementation for use 

with multiple excitation and detection channels - 16 x 15 in the case of the target 

specification - could be conceived. At this stage of the investigation the only practical 

approach for multi-channel systems seemed to be a form of programmable back-off. An 

investigation of the feasibility of programmable back-off was carried out using the 

phase reference described in detail in the next section, based on two AD9852 signal 

generators driven by a common source, to provide the excitation and local oscillator 

signal. A third AD9852 driven by the same clock as the others replaces the back-off coil 

to provide a back-off signal with programmable phase and amplitude (Figure 3-22). The 

results obtained with this method were disappointing however. Programmable back-off 

allowed the received signal to be backed off to virtually zero, but the measured drift was 

greater than for the coil back-off (around 100m° drift measured over 20 minute period).

Figure 3-23 Schematic diagram of the measurement set-up of Griffiths et ol incorporating new 
downconverter system and programmable back-off

The superior performance of the coil back-off was thought likely to be due to its ability 

to automatically track phase and amplitude changes, in particular those introduced by
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the excitation power amplifier which was considered most prone to such signal drifting. 

The programmable back-off in the set-up used was unable to track either (being fixed). 

The solution to this problem was either to produce a programmable analogue of the coil 

back-off by deriving the clock source from the primary field itself, or to accurately 

measure the reference signals amplitude, and to use this information to adjust the back 

off signals amplitude using the internal 12 bit multiplier within the AD9852 devices. No 

practical implementation of either of these methods was developed however.

3. 7. MIT system detection circuit

3.7.1. New design for downconvertmg detection circuit

Based on the results and experience obtained with the downconverting signal 

measurement prototype described in chapter sections 3.2, 3.4 and 3.5, new designs for 

the downconverter were produced and evaluated with the aim of improving on the phase 

precision of the first prototype and addressing practical issues such as reduced 

dimensions for the circuits. The design criteria adopted included the following:

  The circuits should be simple and use as few components as possible.

  The circuits should be as small as possible to allow the PCBs to be placed as 

close to the detection coils and to allow 16 detection modules to be placed 

around the full MIT system.

  The same circuit design should allow two implementations - (i) a XOR-based 

phase detection device as for the system of Korjevesky et al and (ii) a vector 

voltmeter detection device as for the system of Griffiths et al - allowing 

comparison of the performance and operating characteristics of each method. 

Ideally the same design should be able to operate in both roles with little or no 

change required to the design and components used.

Measurements of the noise, drift and also of phase skew would be carried out for each 

circuit design using a new programmable phase reference designed and constructed for 

this purpose and the best performing design would then be selected for incorporation in 

the detection circuit of the full MIT system prototype.
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3.7.2. Programmable phase reference

A programmable phase reference was constructed using two Direct Digital Synthesiser 

(DDS) i.c.s driven from a common clock source and controlled via a PC. The DDS 

devices were AD9852 (Analog Devices) each of which was purchased incorporated into 

an evaluation board providing signal inputs and outputs via 8MB connectors and 

control of the devices via a parallel port interface. The AD9852 consists of a 

numerically controlled oscillator based on a sine look-up table with a 48-bit phase 

accumulator, a phase-locked-loop reference clock multiplier which allows a low 

frequency external clock to produce a higher frequency internal clock, an internal digital 

multiplier allowing 12-bit amplitude control and internal 12-bit DACs providing an 

approximate sine-wave output. Also on the evaluation board were passive output filters 

to remove signal components above 120MHz and provide a smooth sine wave output.

AD9852
Evaluation

boards

Parallel 
Interface

Figure 3-24 Programmable phase reference showing AD9852 and clock distribution boards

A common clock signal derived from a 30MHz crystal oscillator (XO) module was used 

to drive both boards and the devices were operated at 300MHz utilising their integrated 

phase locked loop multiplier. The two evaluation boards were attached to a PC via two 

parallel ports allowing the frequency, phase and amplitude control registers to be set 

(Figure 3-24). The control software employed was the evaluation software supplied with 

the boards. The two boards were placed in a 19" rack which also housed a PCB holding
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the clock oscillator and a PCB providing regulated 3.3V at 5A and 5V at 3A supplies to 

power the AD9852 boards. This set-up then provided a programmable phase reference 

with the following specifications:

  Two frequency locked sine wave outputs

  48-bit control of frequency (~ 1 jaHz) in range 0-50MHz

  12-bit control of amplitude (0.5 Vpp max)

  14-bit control of phase (20m°) independent of amplitude

Phase source spectral output

The AD9852 devices were found to provide a stable output comparable with the signal 

generators employed previously. Figure 3-25(a) shows the frequency output of the 

downconverter employed in chapter section 3.5 but with the PM5193 signal generator 

replaced with one of the AD9852 devices. The local oscillator was driven first with the 

PM5134 signal generator and then this was replaced by the second AD9852 device. In 

both cases the signal generators were connected to a common clock source.
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Figure 3-25 Frequency spectrum of output of downconverter using an AD9852 for one channel and 
(i) a PM5134 signal generator and (ii) a second AD9852 for the other channel. In figure (a) a 
common clock source was used for both signal generators while for figure (b) separate clock

sources were used

The measurements were repeated separate clock sources for both generators and the 

results are shown in Figure 3-25(b). For the AD9852 and PM5193 signal generators the 

results using separate clocks was as expected with a much larger spread of frequencies 

output from the downconverter. Using two AD9852 signal generators with separate
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clocks however the frequency spread appeared to be just as low as found using the 

generators run off of a common clock source.

Phase noise within a signal is due not only to a contribution from the oscillator but also 

from any further processing of this signal by amplifiers or logic gates - with amplifiers 

this could be short term fluctuations in the phase error of the amplifier due to variation 

of capacitance within the device. With logic gates, the phase noise is due to variation in 

the propagation delay (jitter), again probably due to short term variation in the 

capacitance of the device. Further phase noise may also be introduced by devices such 

as phase-locked-loops. The difference between the first set of measurements (PM5134) 

and second (AD9852) may be due to the contribution of logic gates / amplifiers / PLLs 

within the respective device. The PM5134 is a 'poor' device for jitter, adding 

significant amounts of jitter to the signal. The AD9852 on the other hand is a 'good' 

device - it adds much less jitter to the signal. The results suggested that crystal 

oscillator modules used either directly as a signal source or in conjunction with AD9852 

devices may provide sufficient frequency stability without the need to lock all of the 

signal sources to a common master oscillator.

Phase source linearity and noise

10kHz

AD9852

AD9852

Marconi 2022C  

TDS210 
osc.

RACAL 
9901 counter

Figure 3-26 Schematic diagram of the set-up for measurement of observed pulse width of output of 
XOR phase detector versus set phase offset of new AD9852-based phase reference
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The two channels of the phase source were attached to the downconverter used in 

section 3.4 and to the XOR phase measurement system shown in figure 3.5. The LO 

signal was supplied by a Marconi 2022C signal generator which was found to provide a 

stable, low phase noise signal. The output pulse width of the XOR was then measured 

using a TDS210 oscilloscope and a RACAL 9901 universal counter (figure 3.24).

Measurements of the XOR output pulse width versus the set phase offset between the 

two channels of the phase reference were undertaken using both the TDS210 (16 pulse 

average) and the RACAL 9901 counter (100 pulse average). The amplitude of the two 

channels were kept constant at the maximum output value of O.SVpp. The results, 

displayed in figure 3.25 with the measured pulse width converted into a phase offset, 

show that the phase reference provides excellent linearity of set phase versus observed 

phase. Measurements of the phase variation versus input amplitude (phase skew) was 

not undertaken since this will be highly dependant on the characteristics of the 

downconverter and signal measurement circuits. The measured 100 pulse averaged 

precision of the measurements was 40m°.
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Figure 3-27 Measured phase offset versus set phase offset using a TDS210 oscilloscope and a
RACAL 9901 universal counter

A set of new candidate downconverter designs were produced and were evaluated as 

regards their phase noise, drift and skew performance using the AD9852 phase
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reference. These are described in the following sections in the same historical order in 

which they were constructed and tested.

3.7.3. New downconverter circuits

The basic configuration of the new downconverter designs and the measurement set-up is 

shown in figure 3.26. The mixers employed in the previous design were replaced with 

Minicircuits TUF-1H double-balanced mixer modules. These mixers provide similar 

performance to the SBL-1 mixers previously employed but are smaller and allow a 

greater input dynamic range - up to 14dBm (3.2Vpp). The LM319 comparators were 

replaced with LT1016 devices which had a significantly lower propagation delay figure 

(10ns in comparison to 60ns) and therefore potentially lower variability in trigger jitter, hi 

a series of measurements using both devices no difference hi phase measurement 

performance was noticed but it was decided to use the higher performing device. Low 

temperature coefficient (0.1%, 15ppm/°C) resistors were utilised to set the threshold and 

hysteresis levels. A 74HC86 device was again employed as the XOR-gate.

AD9852 

Phase
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gen.
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Figure 3-28 Schematic diagram of the new downconverter configuration and the set-up for 
measurements of the performance of the circuits

The local oscillator signal was provided by a Marconi 2022C signal generator which 

was buffered through a fixed gain buffer amplifier (OPA2682 set for unity gain). The 

major differences between the circuits tested were in the amplifier and filter section 

designs and these are detailed in the following subsections. The circuits were configured
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for use with an XOR-type phase detector and therefore were set up to provide sufficient 

gain to act as a limiting amplifier over the input amplitude range of interest. All of the 

circuits were constructed on two layer PCBs.

3.7.3.1. Circuit 1 - TL072 with zener diodes - gain 160

In the first circuit evaluated TL072 dual operational amplifiers were used as filters and 

amplifiers for each channel (Figure 3-29), with BZX79 4.7V zener diodes placed in the 

inverting feedback path to provide the limiting action.

BZX79 BZX79 BZX79 BZX79

TL072

Figure 3-29 Schematic diagram of circuit 1 amplifier filter section

Capacitors Cl and C2 were selected to provide a high pass response of IkHz in 

combination with resistors Rl and Rl in parallel with R3. No low-pass filter was 

incorporated since it was not required - the amplifiers were unable to provide significant 

gain above 10kHz. The resistors Rl and R2 values were 2.2kQ and 56kQ (1%, 50ppm 

temp, coeff.) respectively which should in principle provide approximately 25 x 25 = 625 

gain. Although the amplifiers had quoted gain bandwidth products of 3MHz and should 

therefore provide up to 300 x 300 gain, the measured gain of the amplifiers was just 160 at 

10kHz, which appears to be limited by the slew rate (13V/(is) provided by this device.

3.7.3.2. Circuit 2 - TL072 with zener diodes - gain 470

Circuit 2 was identical to that of Figure 3-29 but the values of the R2 resistors were 

increased until no further gain could be achieved (with R2 = 82kQ). The measured gain 

of 470 in this case was much less than the expected value of approximately 1400, again 

limited by amplifier slew rate.
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3.7.3.3. Measurements of performance of Circuits 1 and 2

The amplitude of one AD9852 synthesiser was kept constant at 0.25Vpp, while the 

other was varied over the range 0 - O.SVpp. A constant phase offset was set between 

the two synthesisers and the pulse width was measured by a Racal 9901 counter set to 

average 10000 pulses. Figure 3-30 shows a plot of the calculated phase offset versus the 

input amplitude. The standard deviation of the output pulse widths is shown plotted 

against input amplitude in Figure 3-31. A TDS210 oscilloscope was used to capture 

individual pulses, with 16 samples collected for each value of input amplitude.
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Figure 3-30 Variation of measured phase offset vs input amplitude for amplifier with gain = 160

-*- Gain = 160 amplifier

-•- Gain = 470 amplifier

-40 -30 
„ Channel 1 input amplitude (dBV)

Figure 3-31 Standard deviation of measured phase vs channel 1 input amplitude for amplifier with 
gain=160 (solid line) and gain = 470 (dashed line)
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For a constant phase offset input to the downconverter / phase detector, the phase offset 

calculated from the phase detector output pulse width, measured using the average of 

10000 pulses on the RACAL 9901 counter, varied by 6.2° for an input varying from 

0.5Vpp (-IS.ldBV) -to 4mVpp (-57.2dBV). No output pulses were obtained for input 

amplitudes below 2mVpp.

The solid line of Figure 3-31 represents the results obtained with the 160 gain amplifier 

initially used. The gain of the amplifier was then adjusted by substituting feedback 

resistors until no significant improvement in gain was achieved, at a gain of 470. The 

measurements were repeated and the results for the higher gain amplifier are 

represented by the dashed line. The effect of increasing the limiting amplifier gain was 

to extend the lower limit of the amplitude range producing less than 0.1° standard 

deviation from -27dBV to -34dBV.

No significant variation of pulse width standard deviation with phase offset was found. 

The mean standard deviation of individual pulses over the measured phase offset range 

was 0.034°. The drift was estimated by logging the 10000 pulse average from the 9901 

counter over a period of 15 minutes, with a 5 second interval per sample. The 

maximum range of the measured phase offset was found to be 0.015°.

The results obtained using this circuit suggested improvements in performance would 

be required. First, it appeared that increased gain improved the noise performance. The 

achievable gain however was limited by the slew rate of the TL072 device and further 

improvements of phase noise performance would therefore require the use of an 

amplifier with higher slew rate. Secondly, the observed phase skew was problematic. 

Over the input amplitude range -45dBV to -30dBV (~15mVpp - 100mVpp) the 

measured phase offset varied by 5.8°. Given that the target phase precision is of the 

order of 10m° such a large phase dependency on amplitude could easily result in 

amplitude variations, due for instance to fluctuations in the excitation signal power 

amplifier output, resulting in phase noise or spurious phase shifts.
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The TL072 amplifiers were therefore replaced with a dual operational amplifier, an 

AD8056 (Analog Devices) which had better quoted relevant specifications in 

comparison to the TL072 as shown in Table 3-7.

Gain bandwidth (MHz)

Slew rate (V/^is)

Voltage noise (nV/VHz)

TL072

3

13

18

AD8056

300

1400

6

Table 3-7 Comparison of relevant device specifications for TL072 and AD8056 operational
amplifiers

A high gain bandwidth is considered desirable not just to allow a high gain to be applied 

to the signal to provide sufficient limiting amplifier response but also to reduce phase 

drift. The hypothesis here is that the operational amplifier should be operated as far 

below its -3dB frequency cut-off point as possible since this is where the maximum 

gradient in the phase versus frequency response of the device will be found, and 

therefore potentially where the device will be most affected by variations in 

temperature. An analysis of the phase versus frequency response of amplifiers 

employing negative feedback is given in Appendix B.

The high slew rate allows a greater total gain to be applied to the signal and therefore 

potentially lower noise at lower input amplitudes as indicated with the previous 

measurement set. Lower voltage noise will obviously have a beneficial effect especially 

at lower input amplitudes.

The TL072 devices were therefore replaced by AD8056 amplifiers in circuit 2 and 

measurements were repeated. The phase skew performance achieved using the new 

devices and the skew was worse. A series of measurements, removing and replacing 

components suggested that a major cause of phase skew was the zener diodes used for 

voltage clamping.
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Influence on phase skew of zener diodes

The circuit component which had the greatest influence on phase skew was the zener 

diodes. Observation of the output waveform from the limiting amplifiers showed that 

the reverse breakdown of the zener diodes was very quick, but the recovery time out of 

the breakdown was slower and was dependant on the overdrive level. This behaviour is 

demonstrated in Figure 3-32 which shows waveforms sampled using a TDS210 

oscilloscope at the recovery phase for input amplitude levels of 31.5mV, 62.5mV, 

125mV and 250mV (all pp values).

Limited Signal Response (at 2nd stage amp)

o>
TJ

• -20100

Time (mic sees)

Figure 3-32 Sampled waveforms of output of 2nd stage amplifier at the recovery phase for input 
amplitude levels (into 1 st stage) of 31.5mV, 62.5mV, 125mV and 250mV (all pp values).

Such a difference between the breakdown and recovery times would be expected to 

result in a variation of the duty cycle of the limited waveforms which would be 

translated into variation in pulse widths at the phase detector.

The circuits were tested without the zener diodes in place and it was found that the 

AD8056 provided a limiter action through saturation and provided a very significant 

improvement in observed phase skew. For the next design zener diodes would not be 

included and saturation limiting would be employed instead. A 4 stage design rather 

than the 2-stage of circuit 1 would be evaluated since the use of 4 stages would allow 

higher overall gain while allowing lower gain to be applied at each amplifier stage

which may potentially reduce the drift introduced.
__ _
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3.7.3.4. Circuit 3 - AD8056 4-stage amplifier

A 4-stage circuit was now constructed comprised of three inverting amplifier gain 

stages and one single order low-pass filter stage as shown in Figure 3-33. A large 

variety of configurations for gain and filter stages were tested and the best performing 

configuration, as regards measured phase noise, phase drift and phase skew was the 

following:

Cl = C2 = C3 = C5 = 200nF surface mount chip capacitor

Section 1 - Gain 33, Rl=lkQ, R2=330kQ, high-pass frequency of SOOHz with Cl in 

combination with Rl

Section 2 - Gain 66, R3=500Q, R4=330kQ, high-pass frequency of 1600 Hz with Cl in 

combination with R3

Section 3 - Gain 1, R5=3kQ, R6=3kQ, low-pass frequency of 16kHz with C4 = 3.3nF 

in combination with R6

Section 4 - Gain 33, R7=lkQ, R8=330kQ, high-pass frequency of SOOHz with Cl in 

combination with Rl

Figure 3-33 Schematic diagram of circuit 3 amplifier and filter section

Identical measurements of phase noise, drift and phase skew were carried out as for 

circuits 1 and 2 and the results are shown in Figure 3-34 and Figure 3-35, with the 

results obtained for circuit 2 included for comparison.
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Figure 3-34 Variation of measured phase offset vs input amplitude for circuit 3 (solid line) and
circuit 2 (dashed line)
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Figure 3-35 Standard deviation of measured phase vs channel 1 input amplitude for circuit 3 (solid
line) and circuit 2 (dashed line)

It can be clearly seen from Figure 3-34 and Figure 3-35 that circuit 3 provided better phase 

skew and phase noise performance versus input amplitude than the previous circuits. The 

TL072 based circuit provided a pulse width standard deviation of <0.2° for input 

amplitudes down to -45dBV (16mVpp), with the standard deviation rapidly deteriorating 

beyond this value. The AD8056 circuit can be seen to extend the input amplitude range for 

<0.2° standard deviation by 20dB, with the observed standard deviation increasing to 0.2° at
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-65dBV (1.6mVpp). The measured drift of the AD8056 circuit was 0.018°, a similar figure 

(0.015°) to that observed with the TL072-based circuits. The phase skew performance of 

the AD8056 circuit was also much better with the observed phase offsets over the range - 

22dBV to -65dBV 6.2° and 1.8° for the TL072 and AD8056 circuits respectively.

Since the circuit of Figure 3-33 provided the best performance of any of the circuits 

previously tested and was physically small and suitable for incorporation into a module 

in the front-end of the MIT system, the circuit was adopted for incorporation into the 

detection circuit of MIT system prototype. It was expected that this circuit could be 

easily adapted to be used with a vector voltmeter measurement system since this would 

simply involve reducing the gain of each section to ensure a non-limited sine wave 

output over the full dynamic range of the MIT systems received signal levels. The 

reduction of the gain of each section was not expected to reduce the performance as 

regards noise, drift and skew.

3.7.4. Input buffer amplifier

An input buffer amplifier was required between the detection coil and the mixer of the 

downconverter since the mixer presents a low load of 50Q to the coil, resulting in 

relatively large currents flowing in the coils which could produce significant 

perturbation of the primary field. The roles of the buffer are to thus to (i) provide a high 

load impedance to the detection coil, but also to provide (ii) balanced - unbalanced 

signal conversion and (iii) common mode rejection of noise and capacitive coupled 

signals. The device selected was an OP A3 682 which had a range of suitable 

specifications including:

  High bandwidth of 240MHz

  High current output of 150mA into 50Q load

  Triple op-amp with small dimensions (surface mount)

  Low noise of 2.2nV/ V/fe

  Disable function which when activated, places both the input and output in high 

impedance states which was considered to be potentially valuable when used in 

the multi-channel systems
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The OPA3682 amplifier was configured as a conventional 3 op-amp instrumentation 

amplifier with a gain of 2 to provide common rejection and balanced to unbalanced 

signal conversion and was placed immediately before the mixer (Figure 3-36).

Amplifier 
and filter 
section

Figure 3-36 Schematic diagram of OPA3682-based input buffer amplifier

The phase noise and drift measurements described in section 3.7.3.4 using circuit 3 

were repeated but with two OP A3 682 input buffers placed hi front of each of the 

mixers. The circuits therefore represented a full MIT detection circuit. The signal from 

the AD9852 devices was applied to one input while the other input was connected to 

ground. The results of the noise measurements are shown hi Figure 3-37 along with 

those of circuit 3 without the input buffer for comparison.
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Figure 3-37 Standard deviation of measured phase vs channel 1 input amplitude for circuit 3 with 
input buffer (solid line) and circuit 3 without input buffer (dashed line)
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The results show that the addition of the OPA3682 input buffer amplifier degraded the 

phase noise versus input amplitude performance of the AD8056 circuit. A phase 

standard deviation of the order of 0.2° does appear to be achievable down to -60dBV 

(2.8mVpp) however. The addition of the OPA3682 input buffer was also found to have 

an apparent effect on drift, with the maximum range of the observed phase offset 

increasing to 0.032° in comparison to the figure of 0.018° found without the input 

buffer. This full circuit however was still considered to have sufficient performance for 

use in the MIT system prototype and possessed suitable characteristics as regards 

physical size, impedance buffering, enable/disable function and differential signal 

detection. This design was therefore adopted for use within the full system prototype.

3.7.5. The complete detection circuit

The final design for the detection circuit selected for use in the prototype multi-channel 

MIT system is shown in simplified schematic form in Figure 3-38. A full circuit 

schematic is provided in appendix D and the results of a simulation of the detector circuit, 

as regards phase vs frequency response and noise analysis, are given in appendix C.

Low frequency amplifier 
and filter

Figure 3-38 Detection circuit design

The operation of the circuit may be described as follows. The balanced signal from the 

detection coil is first passed to the input buffer amplifier, an OPA3682 triple operational 

amplifier configured as an instrumentation amplifier with a gain of two, described in

section 3.5.4. The input buffer converts the received signal from balanced to unbalanced
-  
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and provides some rejection of capacitive pickup, which is expected to be common 

mode, and of noise from external sources. An optional centre tap to ground through a 

150Q resistor is placed on the detection coil allowing a DC bias current for the 

OPA3682 while allowing a high, and symmetrical, input impedance. The disable pin of 

the OPA3682 amplifier is attached to logic buffer ic allowing activation via external 

control circuitry. This allows the input buffer to be disabled and its output placed in a 

high impedance state, thereby allowing isolation of the detection circuit if selected. The 

quoted input impedance of the devices is 100kQ|| 2pF. The total voltage noise of the 

amplifier design was estimated to be of the order of 8nV/ -jHz , dominated by the 

6nV/V7fe input voltage noise of the AD8056 device.

The signal is then passed to a mixer (Minicircuits TUF1-H) where it is mixed with a 

9.99MHz waveform, thus downconverting the signal to 10kHz. The mixer output 

undergoes low pass filtering (single pole ft = 30kHz) to remove the sum frequency, and 

amplification in a 3 amplifier cascade which provides low phase drift and phase skew 

characteristics. The gains of each of the amplifier sections may be varied depending on 

whether the output is to be limited, for XOR-based phase measurement, or not limited 

as required for vector voltmeter measurement.

3.8. Vector Voltmeter measurement system

3.8.1. The real component of the MIT signal

Two basic methods of phase sensitive signal measurement have so far been employed in 

MIT. These are direct phase measurement and vector voltmeter measurement.

Direct phase measurement, using an XOR-based phase detector was employed 

previously by Korjenevsky et al [8]. An advantage of the method is that it is potentially 

relatively simple to implement. In the system of Korjenevsky, for instance, the XOR 

pulse width measurement was carried out by a single inexpensive microcontroller. Only 

the phase is measured, not the amplitude, and hence only Im(AV/V) is determined - the 

phase shift is assumed to result exclusively from the in-quadrature perturbation
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introduced by the conductivity distribution of the sample, an assumption justified by the 

relative insensitivity of the phase to small changes in the real part of the signal.

A vector voltmeter measurement system employs the dual-phase lock-in amplification / phase 

sensitive detection scheme described previously in section 3.3.4. In this case the received 

signal is amplified but not limited, and both the real and imaginary components of the signal 

are measured allowing both Im(AV/V) and Re(AV/V) to be determined. The vector voltmeter 

technique was used by Griffiths et al (1999) and by Scharfetter et al (2001).

Measurement of Re(AV/V) is a potential advantage of the vector voltmeter technique 

because of the extra information it contains. Variations in the real component of the 

detected signal are expected due to the following factors:

(i) the influence of the magnetic permeability of objects placed in the detector on

the primary magnetic field 

(ii) the influence of the electric permittivity of objects placed in the detector on the

magnetically induced electric field 

(iii) the influence of the electric permittivity of objects placed in the detector on the

directly coupled electric field between the two excitation and detector coils 

(iv) the influence of the electric conductivity of objects placed in the detector on the

magnetically induced electric field through the skin depth effect

Measurement of the real part is therefore required if MIT is to be used to measure and 

image both permeability and permittivity distributions as well as conductivity 

distributions. Measurement of the real part of the signal is also required however if 

factors (iii) and (iv) are to be investigated. In the case of factor (iii), measurement of the 

real part allows the residual capacitive coupling between the coils in the system to be 

determined. The effect of such direct electric field coupling may be significant if the 

system shielding is inadequate and could possibly be a confounding influence on 

measurements - large variations in the signal amplitude may produce spurious phase 

shifts for instance via the mechanism of phase skew in the systems circuitry.

In the case of factor (iv), measurement of the validity of the applicability of a quasi- 

static approximation in forward modelling may be tested. In the quasi-static
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approximation variations in the detected signal are expected to affect the imaginary 

component only. A break-down in the quasi-static approximation may manifest itself as 

dependency of the real part of the detected signal with conductivity. 

hi can be seen therefore that measurement of both the real and imaginary components 

would be valuable in an MIT system both to increase the potential range of applications 

and to allow a fuller characterisation of the factors influencing the detected signal in the 

MIT system.

3.8.2. Lock-in amplifier vs. direct phase measurement: setup

The performance of a lock-in amplifier-based vector voltmeter measurement system 

was compared with a direct phase measurement system via a set of measurements of the 

phase noise, drift and skew for each system.

The direct phase measurement system is shown in Figure 3-39.

Received 
signal

Reference 
signal

J4 AD8056
LT1016

Limiter 
amplifiers

8th order 
12kHz low pass

Figure 3-39 Schematic of direct phase measurement signal processing board

The received and reference signals are limited using an AD8056 which provides low- 

phase-noise limiting when operated into saturation (section 3.5.3). The signals are then 

passed to a 12kHz, 8th order Butterworth low pass filter, comprising two MAX275 

filter integrated circuits (section 3.3.2), and then through a 6th order high pass filter 

(AD8056-based Sallen and Key configuration). The filtered signals are then limited 

again and then passed to two LT1016 comparators for conversion to 5V CMOS pulses.

The two pulses are finally passed to an exclusive OR gate (74HC86).
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The vector voltmeter measurement system selected was a Perkin Elmer 7280 DSP lock- 

in amplifier controlled by a workstation via a GPIB interface and a simplified schematic 

of the lock-in amplifier is shown in Figure 3-40.

output 
processor

comparator
GPffilinktoPC

Digital demodulators 

Figure 3-40 Simplified schematic of a DSP lock-in amplifier

The received signal is first amplified within the lock-in amplifier by the internal PGA to 

bring the signal to between 50%   100% of the full scale range of the main ADC. The 

signal is then digitised by the main ADC and is passed to two digital demodulators. The 

reference signal is converted to a TTL pulse by a comparator and the frequency of the 

pulse is measured. A digitally synthesised signal, frequency multiplied and locked to the 

reference input is then used to drive a sine look-up table which allows quadrature phase 

values to be generated for the two demodulators. The digital demodulators operate as 

quadrature phase sensitive detectors, providing the real and imaginary components of 

the received signal amplitude relative to the phase of the reference signal. The outputs 

of the demodulators undergo digital filtering and are then stored in the output processor 

for transfer to the control PC.

The measurement set-up for the phase noise, drift and skew characterisations of the 

direct phase and vector voltmeter systems are shown in schematic form in Figure 

3-41 (a) and Figure 3-4 l(b) respectively.
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Figure 3-41 Schematic of (a) direct phase and (b) vector voltmeter measurement setups

For both the direct phase and vector voltmeter measurements, one test signal (received) was 

a 0 - 0.5Vpp 10kHz sine and the other (reference) a 3Vpp square wave, with both derived 

from the phase reference described in section 3.5.2. The phase reference allowed 4-bit 

resolution (22m°) control of the phase between the two test signals, and allowed their 

amplitude to be independently varied with 12-bit resolution (0 - 0.5Vpp, 120^V 

resolution).

The pulse width of the output of the direct phase signal processing board was measured by a 

TDS210 IGS/s oscilloscope allowing the width of individual pulses to be captured and their 

standard deviation to be assessed, and by a Racal 9901 universal counter tinier, allowing 

pulses to be averaged by up to 100000 samples for drift and skew measurements.

For the Vector Voltmeter measurements, the signals were passed to channel A and to the 

Ref in channel of the lock-in amplifier (figure 3.40b). The real and imaginary components 

of the signal amplitude were measured, stored and passed to a PC via a GPIB interface.

3.8.3. Lock-in amplifier vs. direct phase measurement: performance

Phase noise measurements were carried out by setting the phase difference between the 

received and reference signals to 30°. The amplitude of the received test signal was 

then varied from -15dBV to -63dBV, a dynamic range corresponding to that found in 

the MIT system described. The phase noise measured versus the signal input amplitude 

for the two signal measurement systems tested is shown in Figure 3-42.
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For the vector-voltmeter measurements, the noise is expressed as the standard deviation 

of 50 individual measurements with a lock-in amplifier time constant of 2ms. For the 

direct phase measurement system, each measurement consisted of the average of 20 

pulse cycles to give an equivalent acquisition time. The noise for the direct phase 

measurement system therefore represents the standard error.
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Figure 3-42 Standard deviation of phase (vector voltmeter system - solid line) and standard error 
of phase (direct phase system - broken line) vs input amplitude

A 16 sample running average of phase values was calculated and the drift, defined as the 

maximum - minimum over the full range of the average values, was obtained. For the lock-in 

amplifier the drift was found to be 27m° while for the direct phase system it was 56m°.

To assess the phase skew, defined as the variation of measured phase vs the input 

amplitude, a 30° phase difference was set between the received and reference signals. 

The input amplitude of the received signal was set to -21 dBV and the phase measured. 

A 6.25% (1/16) increase in the amplitude was now applied and the phase again 

measured. This was repeated for input amplitude values between -21 dBV and -63dBV. 

The results of the phase skew measurements are shown in Figure 3-43.
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Figure 3-43 Phase Skew vs input amplitude (vector voltmeter- solid line, direct phase- broken Une)

3.8.4. Lock-in amplifier vs. direct phase measurement: conclusions

The lock-in amplifier produced similar results to the direct phase system as regards 

phase noise with an apparent small advantage for the direct phase system. The 

measurement precision for a given acquisition time decreased as the input amplitude 

decreased in an identical manner consistent with the test signal approaching the noise 

floor of the devices.

The phase drift measurements show a two-fold performance advantage for the vector 

voltmeter system. The observed phase skews for each type of measurement system are 

of comparable magnitude, with a maximum skew of approximately 50m° for a 6.25% 

amplitude variation.

The direct phase measurement system did offer an apparent advantage over the lock-in 

amplifier hi one aspect - data acquisition tune. If a settling time of 5 x time constant is 

allowed after a channel combination is selected, then the minimum data acquisition tune 

per measurement to achieve the quoted 50m° precision for the MIT system described is 

20ms (limited by averaging time) and 50ms (limited by settling tune) for the direct phase 

and vector voltmeter systems respectively. The data acquisition time of the vector 

voltmeter system is further increased by the need of the digital lock-in amplifier to 

"Acquire Lock". A feature to be noted with digital lock-in amplifiers is that they do not
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operate in a fully synchronous mode. The reference signal used to demodulate the 

received signal is synthesised internally by the lock-in amplifier and is derived from the 

applied reference signal with a digital phase locked loop. For the lock-in amplifier tested, 

acquiring lock added a minimum of 100ms to the acquisition time per measurement.

DSP lock-in amplifiers are relatively much more expensive in comparison to a XOR of 

comparative performance, and appear to be somewhat slower as regards data acquisition 

time. For the purpose of developing a research prototype with the purpose 

characterising the MIT signal however, the devices appear to provide a convenient and 

easy to implement 'off-the-shelf solution to the provision of a vector voltmeter MIT 

measurement system. A DSP lock-in amplifier was therefore selected as the 

measurement system to be employed in the multi-channel MIT system.

3.9. Excitation Circuitry

3.9.1. Criteria for excitation circuitry

In a multi-channel MIT system the data collection operation will involve selecting all, 

or a useful subset of, excitation / detection channel combinations to collect a set of 

independent measurements for use hi image reconstruction. Each excitation coil will be 

driven sequentially by an AC current to produce the primary excitation magnetic field, 

while the other coils remain inactive. Although it is possible to drive more than one 

excitation coil simultaneously, such simultaneous excitation schemes would be 

technically difficult to implement, with perturbation of the primary field by 

neighbouring excitation coils a particular concern.

The criteria required for the excitation coils and circuitry are listed below:

1. the primary magnetic field strength produced by the excitation coil should be 

maximised at the frequency of operation.

2. the excitation coils should be isolated when inactive such that they minimally 

perturb the primary field of the active excitation coil.
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3. Ideally the coils should be driven in balanced mode. This would potentially 

provide higher output current for a given amplifier supply voltage. A balanced coil 

drive was also considered to potentially provide reduced electric field coupling.

4. The signal received by the detection circuits should be derived only from the 

detection coils. Coupling between the excitation channel and detections by other 

means (i.e. cross-talk) should be minimised as much as possible.

A discussion of the influence of each of these criteria is given below.

Criterion 1

The magnetic field B produced by an excitation coil at a point P in space may be 

computed using the Biot-Savart law:

Where JUQ is the magnetic permeability of freespace, I is the current within the coil, dl is 

an element of the coil, r<j is the unit vector from the element of the coil to the point P and r 

is the distance of P from the element dl. The line integral is carried out round the coil.

It can be seen from equation 3-11 that the B-field at any point in the detection volume 

will be directly proportional in magnitude to the magnitude of the excitation current I. 

The applied induced electric field E will also then be proportional to the excitation 

current I by equation 2-5, as will the induced eddy currents by equation 2-8. The 

magnitudes of the primary B-field and hence induced eddy currents are therefore 

directly proportional to the excitation current.

The excitation current I in the coil will be governed by the applied excitation voltage V, 

excitation angular frequency co and coil inductance L as:

/ V V! = — = — 3-12
Zc coL
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Where Zc is the dynamic impedance of the coil. Capacitance, and hence resonance, is 

ignored here with the operating frequency assumed to be much lower than the resonant 

frequency of the coil.

The magnitude of the B-field will also be directly proportional to both the excitation 

current and number of turns N however with

oc/Vx/ 3-13

was calculated for 5cm diameter circular coils with 1, 2, 4 and 8 turns and with an 

excitation frequency of 10MHz and the results are shown hi Figure 3-44.
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Figure 3-44 Current * turns computed for 5cm diameter coil of varying turns without series 
resistor (clear circles) and with 50 ohm series resistor (filled squares)

It can be seen that for a coil without any other resistance placed in series, increasing 

number of turns results in a lower B-field output rather than a higher output. This is due 

to the inductance, and hence dynamic impedance, increasing at rate greater than N. The 

optimal number of turns will be one turn.

If a series resistance is added to limit the excitation current, which may be required to 

ensure that the output current is within the capabilities of the coil driver amplifier, then 

the optimal B-field output may occur at a greater number of turns than 1. hi the case 

shown in Figure 3-44, the maximum B-field will be produced with 2 or 3 turns.
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The B-field produced by the excitation coil therefore cannot be maximized by merely 

increasing the number of turns and the optimal value will depend on the dimensions of 

the coil, the operating frequency and whether any series limiting resistance is employed.

Criterion 2

Consider a 16 channel system with separate excitation (EXC) and detection (DET) coils 

placed in an annular geometry with the EXC and DET of each channel coils wrapped on 

a common former coaxially (Figure 3-45). If the EXC coil in position 0 is active, then 

what influence does this primary field have on the other coils in the system, and in turn, 

what influence could they have on the systems operation?

Coil ° Coil 1

EXC

DET 

Figure 3-45 Neighbouring coils on an annular array

An electromagnetic modeller [64] was used to estimate the voltages induced in coil 1. If 

the EXC and DET coils are both assumed to be circular 1 turn coils of 5cm diameter, 

then their estimated inductance L is approximately lOOnH. If a current of 1A at 

frequency 10MHz flows through EXC coil 0, and the coils are assumed to be placed 

equidistantly around an annulus of 28cm diameter, then the induced voltage computed 

by the modeller in the EXC coil 1 is 2.1V. The dynamic impedance of the EXC coil is 

approximately 8Q. If the coil is short circuited the induced current would be ~ 250mA 

or 1A of the excitation current (a value which may be considered to be slightly high from 

geometrical considerations since it may be assumed that coil 1 is likely threaded with 

less than '/* of the total flux from coil 0).

The potential for a very significant perturbation of the primary field by both DET coils 

and inactive EXC, in particular by neighbouring coils, therefore exists and must be 

addressed by ensuring that such coils are presented by as high a load impedance as 

possible. In the case of DET coils this is achieved in the circuit of Figure 3-38 through 

the use of an instrumentation amplifier as a coil buffer.
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For the excitation coils a high impedance load may be achieved by two means: (i) to use 

a current source drive for the coil driver or (ii) to isolate the outputs of the coil driver 

circuit from the coil either by physically breaking the circuit using a relay or by using a 

disable function which places the coil driver amplifier outputs into a high impedance 

state when that excitation coil is inactive. Producing a current source which can provide 

a high output impedance at 10MHz is not a straightforward undertaking, and to ensure 

low cross-talk and reduced noise it would be still be desirable to disable the coil driver 

along with the excitation signal oscillator even if the coil driver were a current source. 

For this reason method (ii) is preferred and a coil driver amplifier with a disable 

function which placed the outputs in a high impedance state was to be selected.

Criterion 3 was to be addressed by selecting an amplifier which could easily be 

configured in a balanced output form, with two sections providing +1 and -1 gain.

Criterion 4

The simplest and most cost-effective solution for the generation of the excitation signals 

would be to use a single frequency generator. This scheme would provide two major 

advantages:

- the excitation and local oscillator (for frequency downconversion) signals could 

be derived from a single master clock resulting in lower frequency / phase jitter 

(section 3.5.3)

- a multi-frequency system would be much simpler to implement

This scheme however would require that the excitation signal would be distributed to 

each of the channels via a 1:16 multiplexer. A major concern however with this scheme 
is if it is possible to achieve sufficient isolation between the active excitation channel 

and the detection circuits of all other channels other than by the desired means of 

inductive coupling within the detection space.

The required cross-channel isolation may be estimated as follows using some estimates 

of received signal amplitudes. First, let us assume that the smallest signal V induced on 

the detection coils - for the coils furthest from the excitation coil - is of the order of
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ImVpp. Now assume that the smallest phase shift we wish to measure is 10m°. This 

phase shift is equivalent to an applied voltage AV in-quadrature to V with an amplitude 

given by

AF = ImVppxtan' 1 (10w°) = 175n Vpp

If we now assume that the signal applied to the excitation coil is 8 Vpp, then we can say 

that the isolation required between the active excitation circuit and the detection circuits 

furthest from the excitation coil will be of the order of 175nV / 8V or -150dB.

It may be possible to achieve isolation of the order of -150dB at RF operating 

frequencies in a multiplexed system through the use of a high isolation RF multiplexer 

in combination with further isolation devices within the excitation circuit - further 

switches and relays for instance and the disable function of the coil driver. The use of 

optical isolation and in particular optical distribution via fibre optic cables may also 

allow this level of isolation.

A second approach however is to avoid multiplexing a single excitation signal around 

and to use separate signal sources for each channel, each of which can be completely 

disabled when not in use. This would not remove all of the potential routes though 

which unwanted cross-channel coupling could take place - the detection circuits would 

still necessarily be connected together through a multiplexer at their outputs for instance 

- but it would reduce the number of such routes and therefore potentially allow better 

control of such coupling.

A decision was therefore made to adopt the method of Korjenevsky et a/ [8] and to use 

separate single frequency oscillators with a disable function, for each of the channels. 

This was relatively simple to implement and was thought to offer a better chance of 

controlling unwanted coupling than for a multiplexed system.

145



Chapter 3 The Cardiff Mkl MIT system: specification and system components

3.9.2. Excitation coils

The excitation coils chosen were to be simple circular coils of diameter 5cm and of 2 - 

4 turns. This coil dimension was selected since it was identical to that previously 

employed in the system of [8]. This would better allow comparison as regards signal 

magnitudes, system precision and image reconstruction performance between the 

system developed and the published results of the previous system. Higher number of 

turns than 4 would likely produce lower B-field output at the 10MHz operating 

frequency by the analysis results shown in Figure 3-44.

3.9.3. Coil driver circuit

A number of approaches were considered for presenting the excitation coil with a high 

load impedance when inactive. These included:

1. The use of a double pole, double throw relay between the coil and coil driver 

circuit to completely isolate the coil

2. The use of analogue switches, either in integrated circuit form or as discrete 

MOSFETs

3. The use of coil driver amplifiers with disable functions capable of placing the 

output in a high impedance state

Method 3 was favoured as it was the simplest to implement and suitable devices were 

sourced. The output amplifier selected was an OPA2682 (Texas Instruments) which 

provided 2 amplifiers each providing a gain bandwidth product of 240MHz and a high 

current output of 150mA. The OPA2682 features a disable function which places the 

outputs into a high impedance state. The OPA2682 was configured as a balanced coil 

driver with the amplifiers having gains of -1 and +1 as shown in Figure 3-46.
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+5V

oscillator 
AEL1211C EXC

Figure 3-46 Coil driver circuit

The specified output impedance of an OPA2682 amplifier when the device is disabled is 

4pF 11 1MQ when the amplifier is configured as a unity gain amplifier. When the 

device is configured as an inverting amplifier the output - input impedance is defined 

by the feedback resistors, and for a gain of -1 this will be 400Q. The coil driver 

therefore will present to the coil an impedance of 400Q in series with 4pF 11 1MQ 

which for a frequency of 10MHz will be of the order of 4kQ. This amplifier design 

should therefore provide relatively low loading of the excitation coils when they are 

inactive and the OPA3682 is disabled, and should therefore minimise perturbation of 

the primary field by coupling with inactive excitation coils.

The signal source for the excitation is a 10MHz TCXO crystal oscillator module 

(IQTCXO-250HU) which provides a 4Vpp clipped sine wave output. The oscillator 

module is enabled when the channel is to be used as the excitation channel. The AD8056 

amplifier is used as an impedance matching buffer, gain stage (x2) and filter (ft = 20MHz) 

between the oscillator, and the OPA3682.
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3.10. Single channel system tests

3.10.1. Single channel measurements set-up

A single channel system was set up to allow evaluation of the circuit designs. Metal 

enclosures (6cm width, llcm length, 3cm depth) were attached to a cylindrical metal 

screen (35cm diameter, 25cm height) to provide housings for the excitation and 

detection circuitry as shown in Figure 3-47. The two enclosures were located on 

opposite sides of the screen.

Counter Direct phase EXC DET LO generator 
measurement 
board

Figure 3-47 Single channel system testbench showing metal screen/chassis and excitation (EXC)
and detection (DET) enclosures

The excitation and detection circuits were constructed on PCBs of 5cm width and 9cm 

length and were placed together 'piggy-back' within the enclosures such that the 

excitation circuit was placed on the bottom of the enclosure while the detection circuit 

was then placed above it.
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Three sets of measurements on the single channel system were now performed with the 

system components introduced sequentially as follows to allow an investigation of 

potential interactions:

Measurement 1 The detection circuits were placed in system, but no excitation 

circuits. Test signals were distributed to the detection circuits 

from signal generators.

Measurement 2 The excitation circuits were now placed in the enclosures along 

with the detection circuits and were powered up but were not 

activated. The excitation and detection coils were not attached. 

Again test signals were distributed to the detection circuits from 

signal generators.

Measurement 3 The excitation circuits were placed in the enclosures along with the 

detection circuits and were powered up and attached to excitation 

(4-turn, 2.5cm radius) and detection (5-turn, 2.5cm radius) coils. 

The detection coil on the same coil former was a 1-turn, 2.5cm 

radius coil. One of the excitation coils was then activated. The 

system was thus operating as a single channel MIT system.

The results of each of these measurements are described hi the following sections.

3.10.2. Measurement 1 - Detection circuits only

The detection circuits were placed within their enclosures and all power and control 

lines were connected. Two AD9852 devices were employed as a phase reference which 

was then used to measure the performance of the detection circuits when placed within 

their enclosures. A signal generator (Marconi 2022C) provided the local oscillator 

signal (9.99MHz, lOdBm output) with this signal split using a resistive power splitter 

and distributed to both modules as shown in Figure 3-48. The phase was measured 

using the previously developed XOR phase meter (section 3.4).

149



Chapter 3 The Cardiff Mkl MIT system: specification and system components

AD9852

AD9852

Marconi 2022C 
Signal generator

TDS210 
oscilloscope

RACAL 
9901 counter

Figure 3-48 Set-up for Measurement 1 - excitation circuits only

Since the mixers and bandpass filters are now implemented on the DET boards, the 

phase meter comprised of just 2 comparators and one XOR gate as shown in Figure 

3-49. The standard deviation of the output pulse widths, which should be directly 

proportional to the phase offset between the received and reference signals, was 

measured by collecting individual pulse widths with the automatic measurement facility 

of a Tektronix TDS210 oscilloscope. Drift was estimated by collecting 100000 pulse 

averages on the Racal 9901 counter.

Figure 3-49 XOR phase detector
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Initially the observed phase noise and drift within the circuit was found to be very poor 

compared to the circuit when tested on the bench (section 3.5.4). A series of 

measurements were undertaken to determine the cause of the phase noise and the 

following observations were made.

3.10.2.1. Ground

A good quality and reliable connection of the detection circuits to ground is essential to 

achieve low phase noise performance. A 1m long copper earth grounding strap (cross- 

section 11mm by 2mm) was employed to connect the MIT system screen/chassis to the 

ground connector of the power supply. Each of the excitation and detection circuits 

were then connected to the screen using 30mm lengths of 5mm by 1mm cross-section 

ground braid. The screen therefore acts as the ground 'star' point.

3.10.2.2. Phase noise vs input amplitude

The signal amplitude to one of the channels was held constant at 0.25Vpp, while the 

other was varied. The input to the DET circuit was unbalanced, with one of the input 

connected to ground through a 50Q resistor. The phase noise was computed from the 

standard deviation of phase over 200 XOR pulses, equivalent to a time constant of 

10ms. The results are shown in Figure 3-50.

Both modules provided very similar phase noise performance and this appears to be 

only slightly poorer than the benchtest of the circuit from which the design was derived 

(section 3.5.4). The circuit provides <0.3° pulse - pulse standard deviation (equivalent 

to 30m° for 10ms time constant) down to a (balanced) input amplitude of 1.4mVpp. 

The phase noise results for both modules are shown along with the results obtained from 

the benchtest of the circuit of Figure 3-38.
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LO= 10dBM(on
2022C)
IF = 10kHz

-50 -40 -30 
Input amplitude (dBV)

Figure 3-50 Phase noise obtained from detection circuits showing results for module l(solid line), 
module 2 (dashed line) and the benchtest circuit (dot-dashed line)

3.10.2.3. Phase skew vs input amplitude

To assess the phase skew, a 30° phase difference was set between the signals to the two 

modules and the input amplitude of one of them was set to -30dBV and the phase 

measured. The amplitude of the other module was then varied between -30dBV and - 

75dBV. The maximum observed phase variation over this range was 5.3° as shown hi 

Figure 3-51. This level was comparable with those obtained with the benchtest of the 

circuit of Figure 3-38.

-80 -70 -60 -50 -40 
Input Amplitude (dBV)

-30 -20

Figure 3-51 Phase skew obtained from detection circuits showing results for module 1 (solid line)
and module 2 (dashed line)
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3.10.3. Measurement 2 - powered, disabled excitation circuit in place

When the EXC modules were placed in situ and power was applied a significant 

increase in phase noise was noted, with the standard deviation of phase noise increasing 

from 0.1° to 0.36° for an input signal amplitude of -40dBV.

The frequency of the AD9852s were now varied from 10MHz (along with the LO 

signal) and it was found that phase noise decreased. Moving the driving frequency from 

10MHz by just lOOHz resulted in the phase noise decreasing to the levels found without 

the EXC circuit in situ. It was thought that this may imply that a strong interaction 

exists between the received RF signal and the (disabled) EXC oscillator.

A grounded shield was now placed between the EXC and DET modules and a slight 

reduction in the interaction was noted. The phase noise was still very significant at 0.3° 

at -40dBV input amplitude. A series of observations and measurements were then made 

to investigate the nature of the possible interaction and to eliminate it. These 

measurements and then- results are given below:

A On connecting the excitation coils the interaction became much worse, such 

that no phase measurement could be made.

The conclusion here is that the interaction can take place through two routes - a direct 

EXC board-DET board interaction, and a stronger interaction via the DET - EXC coils.

B The oscillator module was removed from the EXC board, and the EXC 

board was placed back within the transceiver, powered up and all 

connections made including the EXC coil. The measured phase noise was 

normal.

The interaction therefore appears to be due to the oscillator / amplifier system, not the 

amplifiers alone or EXC coil.
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C The modules were unusable for the following configurations:

full duplex configuration - all coils connected and circuits powered 

EXC module in place and connected with oscillator powered and disabled, 

EXC coil connected

D Phase measurements could be made, but the phase noise performance was 

poor (-0.2° - 0.4° for -40dBV input) for the following configurations:

EXC module hi place and connected with oscillator unpowered

EXC module in place and connected with oscillator unpowered and EXC

coil unconnected 

EXC module in place and connected with oscillator unpowered and output

grounded, EXC coil connected

E The observed phase noise was normal (~0.1 ° for -40dBV input) with the 

EXC circuit in place if the power to both the amplifiers and the oscillator 

module was removed.

The conclusion that may be made here is that disabling the amplifiers and oscillator is 

not enough to eliminate the interaction - the combined system still acts as a very high Q 

system capable of severe interaction with the detectors. All power must be cut from the 

EXC module if it is not in use.

The following means of removing the EXC - DET interaction were identified:

1 Place a relay, power MOSFET or some other switching device on the EXC board 

to disable the power supply.

2 Use oscillators with offset frequencies.

3 Place the EXC signal sources outside the module, and couple via an isolating 

system (i.e. fibre optic).
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The 1 st method was considered to be the easiest to implement. The design of the 

excitation circuit PCB was therefore adapted to include a relay (AGN2004, Panasonic 

Electric Works) which when disabled disconnected both power supply rails from the 

amplifiers and oscillator modules.

3.10.4. Measurement 3 - excitation circuit active

Both sets of EXC and DET circuits were now placed within their enclosures and power 

was applied. One of the excitation channels was enabled while the other was disabled. 

Control lines for the channels were not implemented at this point and the system was 

switched on and off by switching the main power supply.

The EXC coil used had 4 turns and 2.5cm radius. The DET coil was a 5 turn 2.5cm 

radius coil. A centre tap to ground through a 150Q resisitor is placed on the receiver 

coil allowing a DC bias current for the OPA3682 input buffer while allowing a high, 

and symmetrical, input impedance.

After switching the system on and allowing it to settle, the standard deviation of individual 

pulses, over a series of forty measurements with an empty detector volume, found to be 

165ns corresponding to 0.6°. It was observed that a significant amount of phase drift 

occurred during the first 5 minutes of operation. Within the first Is of operation a large 

phase variation of up to 1° was observed. After the first second an average change of phase 

of approximately 0.15° occurred during the next 5 minute period. A plateau region was 

achieved after 5 minutes of operation, and it was found that the average drift during a 15 

minute measurement period was 0.05°. The maximum drift, defined as the maximum - 

minimum value of measured phase, over a 1 hour period was 0.4°.

3.10.5. Thermally induced drift in input buffer amplifier

The sensitivity of the circuits components to thermal drift were qualitatively checked 

through a crude test using a soldering iron. The iron was placed near (within a few mm) 

to each of the components of the detector circuit board and the drift of phase in the 

downconverted signal was observed. It was found that the components of the detector 

were fairly insensitive to thermal drift apart from the HF buffer stages (OPA3682) and
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the mixers, with the OPA3682 device apparently producing the largest effect on the 

phase drift. Unfortunately this amplifier section is also the one section which undergoes 

the greatest potential variation hi temperature.

The mixers used (Minicircuits TUF-1), like many HF components, are 50Q devices and 

this means that the input buffer amplifiers may have to deal with significant amounts of 

power for high output voltages. Such higher voltage outputs would be expected when 

the detection coils are close to the active excitation coils and particular when that 

detection coil is used as the reference coil.

To measure the temperature increase associated with the OPA3682 buffers driving large 

amplitude signals, a thermocouple probe connected to a digital thermometer was attached 

directly to the input buffer in the detector circuit within the active excitation module. In this 

case the circuits were powered continuously and the excitation channel was enabled using a 

control line rather than by applying power. The results are shown in Figure 3-52.

Series 1

Series 2

Series 3 

Series 4

100 120

Figure 3-52 Temperature increase of input buffer on reference detection board associated with
activation of excitation coil.

Two runs are shown labelled series 1 and series 2 with the activation of the excitation coil in 

each case marked by a circle. The excitation coil was activated for 10 seconds. It can be seen 

that the temperature of the OPA3682 buffer rose by up to 6C over the 10 second period.
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The large phase drift observed after enabling the excitation channels may not be a 

problem since (i) each excitation channel would only be activated for less than Is and 

(ii) during a full measurement cycle - the collection of 240 measurements of the 

different possible channel combinations - the same pattern of activation would be 

employed and the phase would be expected to cycle up and down between the ambient 

background the slightly elevated temperature produced during excitation.

If however two full measurement sets are collected with a short time interval between 

each set, it would be expected that the average temperatures of the OPA3682 buffers 

may not reduce to their initial value - the average temperature of the buffers would be 

greater for the second measurement set than for the first. Given that for the production 

of an MIT image two such measurement sets would be collected, one with an empty 

detector volume and a second one with the sample placed within the detector, such an 

increase in the average temperature of the buffers could certainly lead to systematic drift 

and erroneous phase measurements.

To combat this, it was decided to sacrifice some of the signal to noise ratio to reduce the 

power dissipation and hence thermal drift. A 100Q resistor was placed in series 

between the HF buffer amplifier and the mixer. This would have the effect of reducing 

the SNR by a factor of 3, but potentially reducing the power dissipation, and hence 

thermally induced drift, by a factor of 9 (since power dissipation is proportional to the 

square of the current).

A further improvement was made by disabling the OPA3682 when not in use either as the 

detector or reference channel. Two control lines were now distributed to each board, an 

activate detector and activate excitor signal and a logic device (74HCOO NAND gate) was 

added to the detector boards to buffer the control signals. A second set of two 

measurements were then collected with these changes implemented and these are shown 

in figure 3.50 as series 3 and 4. A 10 fold reduction in temperature variation can be seen.

Further phase drift measurements on the system however showed that the phase 

variation within the first Is was greatly reduced with the total phase variation within the 

first 5 minutes now ~ 0.25°.
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3.10.6. Frequency drift in oscillators

The XOR phase detector, TDS210 oscilloscope and counter were now replaced with a 

newly acquired DSP lock-in amplifier, a Perkin Elmer 7265. This device would be used 
in all further measurements since it provided the required phase measurement 

performance, as determined in section 3.6, and would also allow measurement of both 
the real and imaginary components. Excitation and detection circuits were also placed in 

all of the 14 remaining enclosures to produce a 16 channel system. Further details of the 
full 16 channel system are provided in the next chapter.

The results obtained with the lock-in amplifier were initially very disappointing. Very 

significant phase noise was observed during repeated measurements, with an average 

phase noise for all channel combinations of 0.22° using a time constant of 30ms - much 

higher than that obtained using identical EXC and DET circuits with the XOR-based 

direct phase measurement system.

The 7265 lock-in amplifier was used to measure the frequency of the reference signal, i.e. 
the signal from the detector circuit in the active excitation channel. The excitation coil 
was switched on, and the frequency of the downconverted signal was then recorded by 

the lock-in, and passed to a PC for storage. The results obtained are shown in Figure 3-53.

10,002.000

10,000.000
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g 9,990.000 
u.

9,988.000

9,984.000

9,982.000
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Time (s)

Figure 3-53 Drift in frequency of reference signal immediately after excitation coil activated. The
grey line shows results obtained using a XO crystal oscillator and the black line show those

obtained using a TCXO crystal oscillator
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A variation of ~15Hz can be seen over a 100s period, with a particularly steep variation 

immediately after the oscillator is switched of ~ 0.9Hz over the first second. This variation 

would not in itself be of concern in a fully synchronous system, such as the XOR phase 

system, where frequency variation would not be expected to cause large phase variations, 

since the frequency of the reference and the received signal are equal at all times.

In a lock-in amplifier however, the amplifier locks to the signal by measuring the 

frequency of the reference signal to and then reproduces a digital sine wave at this 

frequency for use in the digital demodulation, referred to as a digital phase locked loop 
scheme. When the reference signal changes, the system has to acquire lock. It can be 

seen therefore that if the frequency of the signals can change during the time between 

acquiring lock and carrying out the phase sensitive detection phase errors can occur.

From the results shown in Figure 3-53, the frequency change occurring immediately 

after the oscillator is switched on is ~ 0.9Hz over the first second. The cause of the 

'glitch' seen in the XO data between 5-10s is unknown. Assuming a settling time for 

each measurement of 200ms, this implies that the frequency can change by around 0.2 

Hz between lock acquisition and measurement of X,Y or phase. Assuming an average 
frequency change of 0.1 Hz over this period, the drift could be up to 7°, potentially 

swamping any actual phase shift due to the sample. Three methods were identified to 

address this problem:

3.10.6.1. Use of a reference signal derived from the lock-in amplifier

Using the internal oscillator of the lock-in amplifier is recommended by the 

manufacturers, since lock acquisition is instantaneous. The maximum frequency of the 

lock-in amplifier is 250kHz however, and cannot therefore be used directly for a HF 

system. Some form of frequency translation may be possible.

A single excitation channel of the system was converted to the following configuration:

1 Internal oscillator (1 OkHz) from lock-in amplifier was distributed to the 

excitation board.
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2 The 1 OkHz signal was mixed with a 10MHz signal (LO) and the output was 

fed to the transmitter amplifiers. An AM excitation signal was therefore 

used, with lOMHz+lOkHz, and lOMHz-lOkHz components.

3 The received signal is then mixed with the 10MHz LO signal to obtain the 

10kHz signal on which the phase information is encoded.

4 The 10kHz received signal is distributed back to the lock-in amplifier, 

where it is digitally demodulated.

The results were interesting, but not particularly useful. It was found that the amplitude 

of the signal changed, but not the phase (i.e. real part but no imaginary part change) for 

saline samples placed within the detector.

An analysis of the basic equations governing amplitude modulation shows that, if the 

lOM+lOk signal, and the lOM-lOk signal both undergo a phase shift Acp, then on 

downconverting, we obtain two signals - a 10kHz sine +A(p plus a 10kHz sine - A<p signal. 

Hence the phase shifts cancel out, and an amplitude reduction is observed. The amplitude is 

proportional to cos(Acp) and is therefore of limited value for measurement purposes.

3.10.6.2. Use of phase locked 10MHz and 9.99MHz signals

If the 10MHz and 9.99MHz signals are derived from sources with a common reference, 

e.g. two AD9852 synthesisers run from a common clock, we have a fully synchronous 

system. Unfortunately this would require removing the oscillators and distributing the 

HF excitation signal. The original concerns relating to this method, that of achieving 

sufficient cross-channel isolation, still existed.

3.10.6.3. Use of higher frequency stability oscillators

This option was relatively simple to implement and involved replacing the original 

standard XO crystal oscillator modules with more stable TCXO (temperature 

compensated crystal oscillator) modules. A single 10MHz TCXO (TCXO250HU,
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CMAC) was acquired and replaced the XO module on the EXC board. The TCXO has 

a quoted long-term frequency stability of 2.5ppm in comparison to the lOOppm value 

specified for the XO module. It should also have improved temperature stability due to 

its incorporated temperature compensation network.

The TCXO driven excitation circuit was first tested using the XOR-based phase 

measurement system. No performance benefits were noted with the XOR system as 

expected given that this configuration is fully synchronous and therefore does not require 

the higher performance of the TCXOs. When the TCXO was placed in the lock-in system 

however, the system became much more stable. A full set of measurements using the 

TCXO with the lock-in amplifier was collected only after all of 16 of the channels had 

been set up. A series of 16 measurements with an empty detector volume using one 

TCXO driven excitation channel and measuring the phase on all 15 detector channels 

produced the following results (all with a measurement time constant of 30ms):

Average standard deviation of Rx channels = 46m° 

Maximum standard deviation = 67m°

The use of TCXO oscillator modules therefore greatly reduced phase noise / drift 

introduced by the delay between acquiring lock and measuring phase and allowed the 

lock-in amplifier to match the performance of the XOR-based measurement system.

3.11. Summary

The major outcomes of the work described in this chapter were the development of 

excitation circuits, detection circuits and signal measurement systems suitable for 

incorporation in a 16-channel MIT system. These components, at least as tested in a 

single-channel MIT system, matched the performance specifications quoted in chapter 2.

Two signal measurement systems were developed and/or tested, the first a zero-crossing 

phase detector using an XOR-gate and the second a DSP lock-in amplifier used as a 

vector voltmeter. Both systems were found to provide similar phase measurement 

precision which matched the specified performance. The XOR-based system provided 

lower data acquisition times, and at a much lower cost, but it provided information on
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the imaginary components only. The lock-in amplifier provided both the real and 

imaginary components and this was considered invaluable for further investigations into 

the characteristics of the MIT system prototype. The lock-in amplifier was therefore 

selected for use in further measurements with the full multi-channel MIT system. The 

lock-in amplifier was found however to bring some performance limitations when used 

in a frequency downconverting MIT system, related specifically to the system's need to 

synthesis quadrature reference internally using a phase-locked-loop resulting in 

significant short-term phase drift.

A detection circuit was developed and tested and found to meet the specifications when 

used in conjunction with the lock-in amplifier. The design incorporated a signal input 

buffer based on a 3 amplifier instrumentation amplifier using high speed devices (gain 

bandwidth products ~300MHz) to achieve low phase drift operation. The buffer 

amplifier had a gain of 1 and provided an input impedance of lOOkQ || 2pF. To achieve 

the required amplification and filtering with sufficiently low phase drift, the detected 

signal underwent heterodyne downconversion from 10MHz to 10kHz and was then 

fitered and amplified before distribution.

The excitation amplifier developed provided a balanced drive voltage of 8Vpp and an 

excitation current of 100mA into a 2-turn coil of 5cm diameter. The amplifier presented 

relatively low loading of the excitation coils when inactived, an impedance of 400Q in 

series with 4pF 11 1MQ to the coil which for a frequency of 10MHz will be of the order 

of 4kQ, which minimised perturbation of the primary field.The signal sources were 

10MHz crystal oscillator modules placed on each of the excitation circuit boards which 

could be disabled when the channel was not in use.

The excitation coils and circuits, detection coils and circuits and signal measurement 

system were finally tested together in a single channel MIT system. Three issues 

impacting on the performance of the system were identified and addressed:

(i) The inactive oscillators on the excitation circuit boards were found to 'ring' and 

produce excessive phase noise. This was addressed by isolating the power supplies and 

outputs using a relay.
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(ii) The low impedance (50Q) of the mixers resulted in significant thermally induced drift 

in the input buffer amplifiers as the detected signal levels varied. A 100Q resistor was 

placed between the buffer amplifiers reducing the phase drift at the cost of reduced SNR. 

This resulted in a two-fold improvement in the system's phase precision.

(iii) The need for the lock-in amplifier to 'acquire lock' resulted in significant short-term 

phase drift which limited the phase stability of the system. This was addressed by 

replacing the standard XO crystal oscillator modules with more stable TCXO modules.

The average standard deviation of measured phase of the single-channel MIT system was 

46m° for a 30ms time constant. This system thus exceeded the target specification of 

100m° and the design was finalised for use in the next stage of the project, which will 

be described in chapter 4 - the construction and development of the full 16-channel 

MIT system.
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4.The Cardiff Mkl MIT system: Design, 
Performance and Applications
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4.1. Introduction

This chapter details the design and development of the complete 16-channel Cardiff 

Mkl MIT system.

In chapter 3 MIT excitation, detection and signal measurement circuits and systems 

were individually designed and developed. These components were then tested together 

in a single-channel MIT system comprising: the chassis/screen which was to be 

employed in the 16-channel system, signal sources, an excitation coil and circuit, a 

detection coil and circuit and a lock-in amplifier for signal measurement. This system 

was found to meet the target specifications listed in section 3.2 and would thus be 

incorporated into the 16-channel system. Further system components now needed to be 

developed to allow multi-channel operation. These included:

- the reference signal source

local oscillator source and distribution system

- detected signal multiplexer and distribution

- control signal system

- power distribution

The design and development of these components is detailed in sections 4.2 - 4.7. The 

components were integrated, along with the excitation, detection and signal 

measurement systems, to produce an electronically switched 16-channel system - the 

Cardiff Mkl MIT system.

Each component first underwent functional testing individually and then was tested in situ 
within the 16-channel system. Of concern during the development of the multi-channel 

system was the appearance of issues related specifically to multi-channel operation. Coil- 

coil interactions and interchannel isolation issues in particular had the potential to severly 

impact on the performance of the system, hi practice, isolation was not found to be a 

major issue (section 4.11.3) but coil-coil interactions were found to have a very 

significant effect and this is detailed in section 4.4.2.
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Further investigation of the measurement system, a Perkin Elmer 7265 DSP lock-in amplifier 

was undertaken and a significant performance limitation of this device, in the context of its 

use within a MTT system, was discovered. Further tests were carried on two other types of 

lock-in amplifier, and the results of these measurements are detailed in section 4.8.

Details of the integration of the MIT system, covering hardware details such as the 

enclosures and cabling used, are given in section 4.9. The control and signal 

measurement and processing software are described in section 4.10.

Performance measurements - covering phase noise, phase drift, inter-channel cross-talk, the 

temperature sensitivity of receiver components and capacitive coupling within the system - 

were carried out and are detailed in section 4.11. The major objective of the work described 

in this chapter may be summarised as follows: to produce a 16-channel MTT system with a 

phase measurement performance equal to that of the single-channel MIT system of chapter 

3. The results of the performance measurements show that this objective was met.

Finally in section 4.12, the results of imaging studies for two biomedical applications and 

one industrial application are given. The first of these was of a simple two-compartment 

model of haemorrhagic stroke using a saline-filled tank and agar gel. The second study 

involved in vivo imaging of the human thigh along with calibration images of beakers of 

saline. The third study involved simulated multi-phase flows within a pipeline. These 

results of these studies demonstrate both the potential of MIT for biomedical and 

industrial applications, and the limitations of the MIT system and the algorithms 

employed and the need for much further work.

4.2. Overview of the 16-channel system

4.2.1. Block diagram and operation of 16-channel system

The full MIT system is composed of 5 subsystems:

(i) the system front end comprising of the chassis / screen, coils and excitation and 

detection circuitry
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(ii) the signal distribution system including detected signal (DET), reference signal

(REF) and local oscillator signal (LO) 

(iii) the control and power system 

(iv) the measurement system 

(v) the image reconstruction system consisting of measurement data storage, forward

modeling software, image reconstruction algorithm and image visualization software.

Cylindrical metal screen

Enclosures containing excitation (EXC) and 
detection (DET) circuitry

Coil formers, each with set of 3 coils, EXC coil, 
DET coil and REF coil

+5V, -5V 
Power distribution

16 16

Downconverted 
DET and 
Reference 
(REF) signals

32 Control demux 
32 line digital

MUX1(16:1) + 
MUX2(16:1)

Rx Ref

Lock-in 
amplifier

GPIB

16

Workstation

Figure 4-1 Block diagram of the 16-channel MIT system
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The operation of the system is as follows. One channel is selected as the active excitation 

channel and the oscillator and power amplifier on the excitation circuit board of this channel 

are enabled. The excitation circuits of all of the other channels are disabled and their outputs 

are placed in a high impedance state. The detection circuits of each of the remaining 

channels are then sequentially enabled. The detected signals are then converted from 

balanced to unbalanced, downconverted from 10MHz to 10kHz and are distributed to two 

16:1 multiplexers via coaxial cables. The first multiplexer (MUX1 on Figure 4-1) selects 

the active detection channel signal while the second multiplexer (MUX2 on Figure 4-1) 

selects the active excitation channel signal which is used as a reference signal. The two 

signals are then passed to the measurement system. It is assumed that the signal derived 

from the detection coil on the same coil former as the active excitation coil may be 

employed as a reference since it will be sensitive only to the primary field and will be 

unaffected by any (low conductivity) sample placed within the detector due its relative 

proximity to the excitation coil.

The measurement system is a lock-in amplifier which measures changes in the real and 

imaginary components of the detected signal for each channel combination when a sample 

is placed within the detector. These may be relative to either measurements collected for an 

empty detector space or some other reference condition. The collected data, consisting of 2 

sets of 240 measurements of the detected signals real and imaginary components, are stored 

on the workstation.

The data undergoes processing to remove arbitrary phase offsets between the channels to 

determine the true changes in the real and imaginary components of the detected signals. An 

image of the conductivity distribution of the sample is then reconstructed from the measured 

imaginary component data employing regularised inversion of a sensitivity matrix derived 

from a finite difference forward model of the system.

In concept, the design is very similar to that of Korjenevsky et al [8] but the design of the 

electronics, and the measurement technique employed, are specific to this study. Details of 

the subsystems are given in subsequent sections.
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4.2.2. Reference for phase sensitive measurements

To measure the phase of a sinusoidal signal, or to determine its real and imaginary 

components, a reference is required at an identical frequency, relative to which the 

phase will be determined. In the case of an MIT system we wish to measure the phase of 

the perturbed magnetic field - incorporating both the primary magnetic field B and 

induced secondary magnetic fields AB - relative to the unperturbed primary magnetic 

field. Specifically we will measure, using detector coils, the signal V+AV due to both 

the primary and secondary fields relative to a signal derived from a reference coil which 

is sensitive only to the primary field and therefore has the same phase as V.

The reference signal could be derived from at least three sources:

i. A reference coil sensitive positioned such that it is sensitive only to the primary 

field and is unaffected by the secondary fields produced by samples

ii. The current flowing into the excitation coil, detected through the use of an I-V 

converter, e.g. detection of the voltage dropped across a sense resistor placed in 

series with the coil

iii. Use of a voltage tapped directly from some point on the excitation coil

In each case an important feature is that the reference is derived from the excitation 

signal after the excitation coil power amplifier. Very significant phase drift would be 

expected across a power amplifier which is typically subject to large temperature 

variations when in use. A reference derived from a point before power amplification 

would not be expected to be representative of the actual phase of the primary field.

Method (i) was employed by Korjenevesky [8] who proposed the use of the detection 

coil sharing the same coil former as the active excitation coil as the reference. Here it is 

assumed that since the detection coil is in very close proximity to the excitation coil 

relative to the sample, the primary signal will completely dominate the detected signal 

and placing a sample into the detector will have virtually no effect on the phase of the 

induced signal on this coil. This method has the advantage of simplicity with no further 

coils or other components required.
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A problem with method (i) is that if the same coil is employed as both a detector coil and 

the reference coil, then the dynamic range of the signal will be very large. The induced 

voltages on the coil would vary by the order of 80dB from when the coil is closest (ie on 

the same coil former) to when it is furthest from the active excitation coil. Since the 

detectors input buffer amplifier and mixer will have set maximum input values - in 

particular the mixer will typically have fairly low allowable input levels - this will restrict 

the number of turns which may be safely used in the detector coils. A variation of method 

(i) is therefore to employ both a multi-turn detection coil and also a smaller reference coil 

- e.g. to have three coils wrapped on each coil former. This however requires the 

incorporation of a switch in the front-end of the detector circuit, to switch the inputs from 

the detector coil to the reference coil when that channel is active as an excitor.

If a switch in the input of the detector is used then method (ii) and method (iii) may also 

be easily employed. Method (iii) was used by Gough [119] who found the method to 

provide adequate stability.

A decision was made to employ method (i) since this had already been demonstrated to 

have worked successfully in a multi-channel system. A relay (AGN2004, Panasonic 

Electric Works), a miniature double-pole, double-throw type suitable for RF signals, 

was therefore incorporated into the excitation board. This would switch the input signal 

to the detector circuit from the detection coil to the reference coil when the excitation 

board was activated. This would allow a larger number of turns to be used on the 

detector coil if it was found to provide better performance.

4.3. Chassis / screen design and construction

The MIT system chassis, shown in Figure 4-2, consists of a cylindrical aluminium screen 

(35cm diameter, 25cm height) within which are attached 16 Perspex coil formers of 5cm 

diameter. The transmitter and receiver circuits are housed in 16 separate metal enclosures 

attached to the outside of the screen.

The role of the screen in an MIT system as described by Peyton et al [125] is to :
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i. Confine the excitation field inside the array and consequently prevent

interference from external conductive or magnetic objects, 

ii. Improve susceptibility to interference from nearby electrical devices. 

Hi. Act as a ground plane for electric fields generated by the coils and hence

minimize capacitive coupling between the sensor elements, 

iv. Shape or enhance spatial sensitivity.

The screen also provides a rigid chassis to which the coils are securely fixed.

Figure 4-2 MIT system chassis / screen

Two types of screen have been employed in MIT systems in the past, (i) soft magnetic 

screens and (ii) conducting screens.

Soft magnetic are typically constructed from ferrite or from polymer loaded with ferrite 

powder. These types of screens have the advantage that they act to concentrate the field 

within the detection volume, thereby increasing the sensitivity of the MIT system. They tend 

however to be heavy, difficult to fabricate and therefore expensive [125].

A second type of screen is suitable for high (RF) operating frequencies. These are 

conducting metal shields constructed from aluminium or steel. This type of screen relies 

on the eddy currents induced on the inner surface of the screen to prevent field leakage. 

Since the screen is metal it also provides an excellent ground plane for the control of
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electric field coupling between the coils of the system. This type of screen was employed 

in the design of Korjenevsky [8].

An analysis of the effect of conducting screens on the field and sensitivity distribution of the 

MIT system described in this study was given by Peyton et al [125]. Using both simulations 

and measurements using saline samples, they found that the relative distribution of 

sensitivity for a particular excitation — detection coil remains unchanged with the addition 

of a conducting screen, but the dynamic range of signals between the coil pairs increases 

resulting in higher demands on the data acquisition system.

4.4. Coils

4.4.1. Phase noise vs. excitation / detection coil turns

The dimensions of both the screen and the coils were to be identical to that employed in 

the 'Moscow' MIT system of [8], with the system employing 16 circular coils excitation 

(EXC) coils and 16 circular detection (DET) coils, both of radius 2.5cm, and each set of 

EXC and DET coils wrapped coaxially on 16 perspex coil formers. The selected operating 

frequency of the Cardiff Mkl system however was to be 10MHz in comparison to that of 

the Moscow system which operated at 20MHz. The optimal number of turns of the coils 

for the two systems was therefore likely to be different.

A series of measurements were therefore carried out using two channels of the MIT 

system to allow selection of the optimal number of turns for both the EXC and DET 

coils. Three coils were employed on each coil former as shown in Figure 4-3 and the 

two channels were placed on opposite sides of the system, furthest from each other.

The left channel in Figure 4-3 was activated as the excitation channel. The reference 

coil of this channel was routed to the detector board via the coil selection relay with the 

detection coil unconnected. The right channel was selected as a detection channel, the 

excitation coil was inactive and the signal from the detector coil was routed via the relay 

to the detector board with the reference coil unconnected.
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Figure 4-3 Set-up for number of turns vs phase noise measurements

A set of measurements of the phase noise in the detected signal were now collected with 
varying number of turns on the excitation and detection coils. The reference coil was of 
2 turns in all cases. For these measurements the phase was measured using the XOR 
phase meter (section 3.4) and TDS210 oscilloscope with the value of the standard 
deviation of measured phase computed after collecting pulses over 25 cycles of the 
10kHz signal over a 20s period.

Detection coils

Table 4-1 below shows the phase noise obtained from the modules with varying number 
of turns of the DET coils.

Turns
8
7
6
5
4
3
2
1

Phase SD (degrees)
0.54
0.61
0.69
0.60
0.47
0.63
0.77
0.62

Table 4-1 Measured phase noise for varying number of turns in DET coils

It was assumed that the greater number of turns coil would produce the largest 
amplitude signal and hence the highest signal to noise ratio and lowest phase noise. The
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4 turn coil was found to provide the lowest phase noise figures, but there was little 
apparent improvement in phase noise with increasing number of turns.

It appears that either the signal amplitude entering the detector is not the main cause of 
the observed phase noise, or some other factor reducing phase measurement precision, 
such as short-term phase drift, is counteracting the benefits of higher signal amplitudes 
with increasing number of turns.

Excitation coil

Table 4-2 below shows the phase noise obtained from the modules with varying number 
of turns for the EXC coils. The phase standard deviation is again based on 25 
individual pulse measurements. A 4 turn DET coil was used in all measurements.

Tx 
Turns

4 
3 
2

Phase Noise 
(degrees)

0.36 
0.65 
0.47

Current used 
(mA)

61 
98 

144

Currentxturns

244 
294 
288

Table 4-2 Measured phase noise for varying number of turns in EXC coils

Again there seems to be little significant improvement in phase noise with increasing 
number of turns. In this case the reason may that the B-field strength may not actually be 
increasing with increasing number of turns. As the number of turns increases, the dynamic 
impedance of the coils also increases. It can be seen from column 4 of Table 4-2 that the 
factor (current x turns), to which the B-field is proportional, remains relatively steady.

Based on the above measurements it appears that the number of turns of the coils is not 
critical, at least over the range tested. The best performing combination was selected for 
use in the full 16-channel system; this was EXC= 4 turns, DET = 4 turns.

4.4.2. Coil interactions in the 16-channel system

After all 16 of the channels of the MIT system were connected and all of the control, 
power, distribution and measurement systems were put in place, further measurements 
were undertaken. These measurements were aimed at determining if the full multi-coil
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MIT system provided the same measurement performance as for the two channel 

measurements, or if there was any change or degradation of the performance due to 

channel-channel, or in particular coil-coil interactions.

Immediately, significant problems with the acquired signals output from the DET 

modules were noted. Very poor and erratic phase measurement performance was 

obtained and the following observations were made:

• Unusual signals were obtained from the detectors closest to the excitors - 

typically for 4 channels either side

• relatively noisy signals were obtained from all of the detectors 5-6 channels 

away from the active EXC channel

One of the unusual signals found from detector channels near to the active excitation 

channel is shown below in figure 4.4, a screen capture from an oscilloscope which is 

monitoring the output of the detection board.

Output
from
detector

10kHz
reference
signal

Figure 4-4 Screen capture from oscilloscope showing outputs from (top) detector board close to 
active excitor channel and (bottom) reference output from exciter channel

Note that the detection boards in this case was configured for use with the XOR phase 

meter, with high amplification and the outputs limited. The signal obtained from the 

detector board (top waveform) should have the same form, a 10kHz square wave, as the 

output from the reference channel (bottom waveform).
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The LO signal was now reduced to -lOdBm such that the output from the detector board 

was no longer limited. A spectrum analysis of the signal, shown as a screen capture of 

the oscilloscope in figure 4.5, revealed the existence of harmonics with significant 

amplitudes.

1 st harmonic at 10kHz

5th harmonic

»

Figure 4-5 Screen capture from oscilloscope showing spectrum obtained from output from detector
board close to active exciter channel

The output from the detector showed the wanted 10kHz downconverted detected signal, 

but also very significant 3rd and 5th harmonic signals, with the 5th harmonic slightly higher 

than the 10kHz fundamental. It should be noted that this signal is taken from a point after 

the detector boards 20kHz low pass filter, suggesting that the contributions to the received 

signal by the 3rd and 5th harmonics are even greater at the output of the mixer.

To attempt to track down the cause of these large harmonics, the oscillator of one channel 

was removed (channel 11) was replaced with a coaxial feed from a signal generator. The 

signal at the output of the DET input buffer amplifier was now observed as the frequency 

was varied. This would give a representation of the actual response of the EXC-DET 

coils with varying frequency. For the EXC = 4 turn, DET = 4 turn system the response 

shown in Figure 4-6 was observed - in this case from the next nearest coil (channel 10). It 

can be seen that the 4 turn / 4 turns coils produce two large resonant responses, one at 

~33MHz and the other at ~ 48MHz. Measurements on other detector coils revealed 

similar behaviour with resonance observed around 30MHz and 50MHz.
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30 40 
Frequency (MHz)

50 60 70

Figure 4-6 Frequency response of output from detector input buffer for EXC=4turns, DET=4 
turns. The gain is normalized to the figure obtained at 10MHz

The use of 4 turn coils seems therefore to be a poor choice for operation at 10MHz since the 

resonances obtained with the coil dimensions chosen will fall on the 3rd and 5th harmonics 

resulting in signals which will overload either the input buffer amplifier, or mixer.

The EXC coil was therefore changed to 2 turns, and the measurements were repeated 

with the results shown in Figure 4-7. The resonances at 30MHz and 50MHz have been 

reduced but not removed.

EXC=4, DET=4 
EXC=2, DET=4

30 40 
Frequency (MHz)

Figure 4-7 Frequency response of output from detector input buffer for (blue line) EXC=4turns, 
DET=4 turns and (pink line) EXC=2turns, DET=4 turns. The gain is normalized to the figure

obtained at 10MHz
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The decision was made therefore to reduce the number of turns on both coils from 4 to 
2. This results in a reduction of the inductance of the coils by a factor of 4 and would 
ensure that resonances were moved beyond 50MHz. From the results shown in tables 
4.1 and 4.2, there should not be a major impact on phase measurement performance 
through the use of such coils.

A further advantage was that with the use of a 2-turn detection coil, the input amplitudes 
to the detector boards would be reduced sufficiently to ensure that the input buffer 
amplifiers and mixers were not overloaded when the detection coil was employed as a 
reference coil. The third reference coil could therefore be eliminated and a relay would 
not be required to switch the detection board inputs from detection coils to a reference 
coil, simplifying the operation of the system.

4.5. Local oscillator distribution section

4.5.1. Active and passive LO distribution circuits

The local oscillator (LO) signal is used to downconvert, through mixing, the signal detected 
at the coil down to an intermediate frequency of 10kHz before distribution from the detector 
board and further processing and measurement. For this MIT system design, the LO is 
derived from a low phase noise RF signal generator, hi this case a Marconi 2022C.

The LO signal must be split and distributed to the 16 detector boards. On each detector 
the LO signal is fed directly into the LO port of the TUF-1 mixer. The TUF-1 mixers 
employed have a quoted nominal LO input impedance of 50 Q. This implies that the LO 
signal generator must drive at least the required switching voltage level, in this case 7dBm 
or 1.4Vpp, into 16 50Q loads in parallel, or a combined load impedance of just 3.1Q. 
Driving such a low load impedance with a reasonable quality of signal, with low 
harmonic content, was considered to be unlikely, or at least difficult to achieve.

Two approaches to reducing the LO signal generator load were considered:
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(i) The signal would be split and distributed to 16 buffer amplifier. Each would 

present a high impedance, or the order of a few kQ to the signal generator, 

resulting in a combined load which could easily be driven by the generator.

(ii) The signal would be passed to a power amplifier providing a large output 

voltage swing of up to 20Vpp. The output of the power amplifier would then 

be split between the 16 detection boards. Resistors however would be placed 

in series with the inputs to the mixers resulting in a decrease of the voltage 

down to the 7dBm required by the LO port, but also a higher combined load 

impedance of the order of 50Q, seen by the power amplifier.

4.5.2. Active LO distribution board

Method (i) was first employed. A LO distribution board was designed and constructed, 

a block diagram of which is shown in figure 4.8. The amplifiers selected were OPA682 

devices configured for a gain of +1. The circuit design of the amplifier is not shown 

since it consists simply of the OPA682 device with no external components. To achieve 

a gain of+1 the device was connected such that -IN pin is left open while the +IN 

pin is driven with the signal.

Marconi 
2022C 
Signal

generator

Figure 4-8 Active LO distribution board

The LO signal derived from the signal generator was distributed to the LO distribution 

via a RG58 coaxial cable and was then split and fed in to the 16 amplifiers. The outputs 

of the amplifiers were routed to 16 SMC PCB sockets and the signals were then 

delivered to the detector modules via 16 RG58 coaxial cables.
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In operation it was noted that the average phase noise and drift performance of the full 
system was lower than that achieved previously for the two channel system which 
utilized a simple passive resistive 1:2 power splitter. The use of separate amplifiers in 
each of the LO branches to the modules was thus thought to be a potential source of 
increased phase drift and noise. A passive 1:16 resistive splitter utilizing method (ii) 
was also therefore designed and constructed on PCB.

4.5.3. Passive LO distribution system

For the passive LO distribution configuration, the LO signal was to be passed to (i) a 
power amplifier, and then to (ii) a 1:16 resistive splitter.

AD815
Power

amplifier
1:16 resistive power splitter 

with 390Q resistors

Figure 4-9 Passive LO distribution system

For the 1:16 resistive splitter board, each of the amplifiers of the previous active design 
(Figure 4-8) were replaced with 390Q low temperature coefficient resistors, shown in 

Figure 4-9. The resistors are in series with the 50Q impedance of the mixers, and the 

total impedance seen by the power amplifiers output is therefore 16 loads of 440Q in 

parallel, or 28Q. The use of 390Q resistors therefore provides a total load which is not 
too low for the sigal source to drive, but it also results however in a reduction of 18dB 
in the signal appearing at each of the 16 LO signal outputs. A power amplifier therefore 
had to be placed between the LO signal generator and the 1:16 resistive splitter.

The power amplifier used was based on a design derived from the ADS 15 datasheet 
[126], shown in Figure 4-10. The ADS 15 is a dual amplifier device with each of the
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amplifiers capable of providing a high current output differential driver with GBW 

120MHz, a slew rate of 900V/|ns and a capable of providing an output of 500mA into 

loads down to 10Q. The two amplifiers are placed in parallel to enhance this output 

further. The gain of the amplifier was adjusted to 12dB and +/-12 V supplies were used.

49911 49911

-15V

Figure 4-10 LO power amplifier design (from [126])

4.4.4 Measurements of noise / drift performance using active and passive LO 
distribution circuits

The performance of the boards were measured and compared as follows. A full set (240 

measurements) of data was collected, then after a 10s delay a second full set was 

collected, both with an empty detector volume. The phase difference between these two 

sets was then calculated for each channel combination. This was repeated 10 times for 

both boards. The average standard deviation was found by calculating the absolute 

values of the phase shifts, then finding the standard deviation of these values for each 

run. This value was then averaged over the 10 runs. The average maximum standard 

deviation was found by selecting the maximum absolute phase shift for each run and 

averaging over the 10 runs. The results are shown below:

Active LO distribution

Average standard deviation (over all channels) 

Average maximum standard deviation

45m° 

560m°
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Passive LO distribution

Average standard deviation (over all channels) 

Average maximum standard deviation

24m° 

142m°

The results show a two fold improvement in the precision of the device when replacing 
the active LO distribution system with the passive system. The cause of the improvement 
was thought to be due to a reduction in the phase drift between the different LO branches 
through the replacement of the amplifiers with more stable resistors.

The passive LO distribution system was therefore adopted for all further measurements.

4.6. Detected signal distribution section

The downconverted signals from the detector circuits are distributed via 16 coaxial 
cables to the detected signal distribution board. This board consists of two analogue 
multiplexers (ADG406), one of which selects the active detector channel DET signal, and 
the other the reference REF (6Vpp) derived from the channel active as the excitor. The 
signal distribution system is shown in block diagram form in Figure 4-11.

Lock-in amplifier

Figure 4-11 Block diagram of detected signal distribution board
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4.7. Control and power distribution sections

As described in section 4.5 multiplexing of the received signals is under the control of a 
digital input /output card (PC226e, Amplicon) within the system workstation. This card is 
also used to control the excitation and detection channel selection via eight digital lines 
which are passed from the card to an excitation channel control board. The control board 
(Figure 4-12) contains two 4:16 decoders (74HC154) which decode the 8 input lines in 32 
digital outputs. These outputs are passed to the 16 detection modules where 1 set are used 
to select the active excitation channel and the other the active detection channel. The 
location of the signal distribution board within the MIT system is shown in Figure 4-23 
and a circuit diagram of the control distribution board is given in Appendix D.4.

Figure 4-12 Excitation / detection channel control system

The two sets of lines are passed through a NAND gate buffer ic within the detector 
modules. The excitation selection line is then passed to the transmitter board where it used 
to (i) activate / deactivate the OPA2682 coil drivers, sending them into a high impedance 
state when not in use and (ii) activating a relay to decouple and remove power from the 
oscillator to prevent spurious oscillations of the oscillator which may generate significant 
levels of noise in active detector channels. The detection selection line was either passed, 
via header pins, to the OPA3682 input buffers to disable them when not in use, the header

183



Chapter 4 The Cardiff Mkl MIT system: Design, Performance and Applications

was set to allow a pull-up resistor to enable them permanently, hi initial phase noise and 
drift tests, little difference in performance was observed between either mode and the 
detector circuits were set to be left permanently on.

The power for all of the system was derived from two power supply units. One PSU 
provided power for all the channel modules, signal multiplexer board and the control 
board. This PSU provided +12V and -12V supplies to a power distribution board on 
which were four +5V regulators and four -5V regulators. These +/-%v supplies were 
then passed to each board and channel module. The second PSU again provided +/-12V 
supplies which were used exclusively for the LO power amplifier.

4.8. Measurement system

4.8.1. Perkin Elmer 7265 lock-in amplifier

The results of the measurements described in section 3.6 showed that a DSP lock-in 
amplifier could potentially provide a convenient 'off-the-shelf MIT measurement 
system. The DSP lock-in amplifier tested (a Perkin Elmer 7280) was found to provide 
performance equivalent to the XOR-based phase meter system but also allowed accurate 
measurement of both the real and imaginary components of the detected signals. 
Commercial DSP lock-in amplifiers also provide features such as programmable gain 
and filter time constants, RS232 and GPIB interfaces and ready to use software drivers. 
It therefore provided a convenient and quick means to implementing a vector voltmeter 
MIT measurement system under the control of a PC workstation.

Figure 4-13 Perkin Elmer 7265 DSP lock-in amplifier shown with control PC
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The lock-in amplifier initially selected for the system was a Perkin Elmer 7265, shown 
above in Figure 4-13. The relevant specifications for this system are listed below:

Signal gain

Filter time constants

Filter slope

Lock acquisition time

dB -90dB in lOdB steps

dB, 12dB, 18dB,26dB

Oms + 2 cycles

The following functions are also available.

Magnitude calculate R in V - depending on settings, resolves to ~lnV 

measure phase to nearest 10m°Phase 

XY

Freq

measure X and Y values in V - depending on settings, resolves to ~lnV 

measure frequency to -ImHz

To test the phase measurement performance of the system the following measurement 
was carried out. A 10kHz signal derived from the detected signal output from the active 
excitation channel - i.e. the reference signal - was passed to the reference input of the 
lock-in amplifier. The signal entering the reference port, at 6Vpp, was then divided 
down to 20mVpp and passed to the input port of the lock-in amplifier (Figure 4-14).

Lock-in amplifier

I——I r-"M I
From reference output of 
MIT system

Figure 4-14 Set-up for phase noise measurements on Perkin Elmer 7265 lock-in amplifier

With the lock-in amplifier sensitivity set to lOmVrms 25 measurements of phase were 
collected using time constants of 10, 20, 50 and 100ms. hi each case a delay equal to a 
minimum of 5 x time constant was used between the measurements to allow for filter settling. 
The 10kHz signal was kept on continuously during the measurements. The results are shown
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in Table 4-3. However, it should be noted that these measurements were undertaken when the 

MTT system was fitted with XO crystal oscillator modules rather than the TCXO modules.

TC (ms)
10
20
50

100

Phase SD (degrees)
0.46
0.28
0.27
0.28

Table 4-3 Measured phase noise for varying time constant TC

The standard deviation of phase was observed to increase for time constants below 

20ms, but no improvement in phase noise was observed using longer time constants 

than 20ms. In operation the MIT system would acquire just one measurement from a 

particular EXC- DET channel combination and would then move on to another one. It 

was expected that the phase noise performance obtained with the oscillators and coil 

driver amplifiers on continuously may not be truly representative of the actual phase 

measurement performance likely to be obtained with the system. Switching the 

oscillators and coil drivers on and then immediately taking a measurement, which 

would be the case, may affect the phase precision.

To emulate this, the excitation channel was switched off for at least 1 second between 

acquiring measurements. The channel was then activated and a measurement was 

immediately acquired after allowing 5 x time constants to allow for filter settling. The 

first measurements using a 20ms time constant produced results which varied erratically 

and widely producing standard deviations of several degrees. A set of measurements 

was therefore collected using increased time delay between activating the excitation 

channel and collecting the measurements. It was found that unless at least 1 second was 

allowed between activating the excitation channel and collecting the phase 

measurement, the results were highly erratic. Above this value the phase could be 

measured with an average standard deviation of phase of 35m°.

It was suspected that there may be a problem with the lock-in amplifier acquiring lock. The 

lock-in amplifier has two possible modes of locking - locking to an external reference or 

locking to an internal reference. In the first mode the external reference is applied to the 

external reference port of the lock-in amplifier. Here it is passed to a comparator and then to
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a phase locked loop which is used to synthesise digital in-phase and in-quadrature versions 
of me external reference signal. In the second mode a signal from an internal oscillator is 
made available at an output port in the lock-in amplifier. The internal oscillator signal is 
also used to directly generate the digital in-phase and in-quadrature references.

To test the operation of the lock-in amplifier in both modes, the following experiment 
was carried out. The internal reference signal, set to IVrms at 10kHz, was passed 
through the MIT system signal multiplexer. This allowed the signal to be switched on 
and off under the control of the workstation. The signal from the multiplexer was then 
routed back to the signal input port of the lock-in amplifier (Figure 4-15).

Lock-in amplifier
multiplexer

1
Zr-

.^^_
H Reference output fj 

Reference input |

H ——— 1 ———————————————

P

|

1 1

Figure 4-15 Use of switched reference output for internal vs external lock comparison

First, measurements were collected with the lock-in amplifier set to use its internal 
reference. The lock-in amplifier was found to provide excellent phase measurement 
performance even with the time constant set to 1ms. The lock-in amplifier provides 
several output ports for the monitoring of signals including the input signal after 
undergoing signal conditioning but before digitization and also analogue versions of the X 
(real component) and Y (imaginary component) outputs, or R (magnitude) and O (phase) 
if selected. An oscilloscope was therefore used to monitor the conditioned input signal 
and the computed X signal, derived from the points A and B shown in Figure 4-16.
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comparator

Digital demodulators
GPIBlinkto 

PC

Figure 4-16 Derivation of waveforms monitored during lock acquisition investigation

The waveforms obtained with the lock-in amplifier set to use internal reference are 
shown in Figure 4-17. The black waveform shows the conditioned signal input and the 
red waveform shows the analogue output representing the measured real component X 
of the signal, with the horizontal divisions of 50ms. It should be noted that the signal 
input shown is not a representation of the true signal as regards waveform shape. The 
waveform has been aliased down to an apparent frequency of lOOHz by the oscilloscope 
display. The tune delay between the start of the two signals is believed however to be 
accurate. The time constant employed was 1ms.

Tek M Pas: 100,0ms TRIGGER

CH2 \-3.28V 

Figure 4-17 Lock acquisition delay for internal reference - 7265 lock-in amplifier
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Lock appears to be acquired (point B on Figure 4-17) after 25ms of the input signal being 
switched on (point A). The 'glitch' seen at point C however suggests that at least 100ms is 
required for the signal to effectively settle. The cause of the glitch is unknown, but the 
settling time is within the value specified in the devices manual [127]. The results obtained 
when the lock-in amplifier was set to lock to an external reference were however very 
different (Figure 4-18).

Tek JL M Pos: 236.0ms TRIGGER

CH1 50.0mV CH2 SO.OrnV M 100ms CH2 f -40.0mV

Figure 4-18 Lock acquisition delay for external reference - 7265 lock-in amplifier

The acquisition of reference signal lock at point B, considered to be when the measurement 
of the X component of the signal is completed and the signal settles at the new value, 
appears now to take approximately 800ms after the input signal be switched on (point A). 
The observed time delay on acquiring lock is much larger than the value quoted in the 
devices specifications (2 cycles + 50ms) for external lock acquisition. The fault here is 
thought to be related to the operation of the reference channel's phase locked loop.

The requirement to add a delay of 1 second between switching channels and initiating 
the phase measurement has a significant impact on the overall acquisition time for a 
frame of data. Assuming the quoted figure for lock acquisition to be accurate, the time 
per measurement including lock acquisition, filter settling tune (for a time constant of ~ 
30ms) and data communication should be of the order of 300ms. With a 1 second lock 
acquisition delay this figure would be increased 4-fold.
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The total time taken to acquire a 240 measurement data frame would therefore increase 
from an estimated 72 seconds to almost 5 minutes. Apart from lengthening data 
acquisition times, the precision of the measurements may also potentially be reduced, 
since longer acquisition times could lead to higher phase drift. A decision was therefore 
made to acquire and test and alternative lock-in amplifier1 .

4.8.2. Stanford Research Systems SR830 lock-in amplifier

A second lock-in amplifier with similar specifications to the 7265 was acquired. This 
was a SR830 (Stanford Research Systems) DSP lock-in amplifier. A measurement of 
the lock acquisition time was undertaken using the same method as described in the 
previous section. The waveforms obtained using lock to an external reference are shown 
in figure 4.17. Again, a time constant of 1ms was employed.

The time delay between the activation of the external reference signal and the 
acquisition of reference signal lock can be seen to be much smaller, of the order of 
25ms which is better than the value quoted, 25ms + 2 cycles, in the amplifier's 
datasheet.

Tek JL M Pos: -24,00ms TRIGGER

CH1 2.00V CH2 5.00V M 100ms CH2 \ 48QmV

Figure 4-19 Lock acquisition delay for external reference - SRS30 lock-in amplifier

Perltin Elmer were contacted and their own engineers carried out internal / external reference tests 
identical to those described in this section, on a different lock-in amplifier but of the same model. In 
correspondence they stated that they had obtained similar results to those presented in Figure 4-17 and 
Figure 4-18. The 7265 lock-in amplifier therefore does not appear to meet its quoted specification for the 
acuire lock time from external sources. No further response from the company was received and it is 
unknown as to what action was taken regarding this observation."~"190
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The SR830 amplifier therefore appears to provide the performance, as regards 
measurement settling times, required for use in the MIT system. Assuming a time 
constant of 30ms with filter settling times.

4.8.3. Noise and drift performance of SR830 lock-in amplifier

The noise and drift performance of the SR830 lock-in amplifier were measured as 
follows. First a signal generator (PM5193, Philips) generated a 10kHz TTL pulse which 
was applied to the reference input of the lock-in amplifier. A second 50Q output of the 
same generator produced a 10kHz sinusoid, frequency locked to the TTL pulse, and this 
was connected to the input of the lock-in amplifier via a 20dB attenuator. For the phase 
noise measurements the output of the generator was varied from 0.01, 0.02, 0.05, 0.1, 
0.2, 0.5, 1.0, 2.0 Vpp, and for each value 20 measurements of the real and imaginary 
components of the signal were collected. The phase was then computed and the phase 
noise was then defined as the standard deviation of the phase over the 20 samples. For 
these measurements a lock-in amplifier time constant of 30ms was employed with a 
time delay between measurements of 0.3s. The results are shown in Figure 4-20.
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Figure 4-20 Phase noise vs input amplitude - SR830 lock-in amplifier

The phase noise can be seen to remain constant at 3m° down to an input value of 
ImVrms. Below this the phase noise then begins to increase such that it is 
approximately proportional to the inverse of the input voltage. This behaviour is as 
would be expected for the phase noise contribution produced by uncorrelated noise, e.g.
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amplifier voltage and current noise, produced by the input amplifiers of the lock-in 

amplifier or by the signal generator.

Since the minimum signal amplitude input to the lock-in amplifier for the Cardiff Mkl 16- 

channel MIT system is ~1.5mVrms, it is clear from these measurements that short term 

phase noise is not the main cause of measurement phase noise within the MIT system.

For the phase drift measurements the same set-up was employed, the input amplitude 

was set to ImVrms and again a measurement time constant of 30ms was used. One 

measurement per minute was then collected over a 2 hour period. The results are shown 

with the grey circle markers in Figure 4-21.
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Figure 4-21 Phase drift measured over 2 hours using SR830 lock-in amplifier. The grey diamond
markers show the measured phase employing an external 10kHz signal and the external reference
of the lock-in amplifier. The black triangles show the measured phase for a 10kHz signal derived

from the lock-in amplifier and employing the amplifiers internal reference

The phase drift measurements were then repeated but with the internal reference of the 

lock-in amplifier used. In this case a signal was taken from the reference output, via a 

20dB attenuator, and this was then connected to the input of the lock-in amplifier. The 

input amplitude was again ImVrms. The results are shown in Figure 4-21 with black 

triangle markers. The phase drift results of Figure 4-21 show clearly that the use of an

external reference has an impact on phase precision. Even with a very stable 10kHz
—
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digital external reference signal, the phase locked loop used for the generation of the lock- 
in reference signal from an external source is obviously creating excess noise and drift.

The external reference provided by the MIT system will be both less stable in 
frequency, since derived from a downconverted source, and will likely contain more 
noise and possibly harmonic components since it is derived from a detected signal at the 
reference coil. It is therefore probable that the use of lock-in detection with an external 
reference is a significant source of phase noise in this MIT system design. The design 
selections of (i) separate oscillators for each channel, independent of the LO oscillator 
and (ii) the use of a commercial lock-in amplifier using its external reference cannot 
therefore be considered optimal. The use of fully synchronous signal sources and 
demodulation should improve measurement precision.

4.9. Integration of the 16-channel MIT system

All of the components for the full 16-channel system had now been developed and 
characterised. These system components were now placed into their enclosures and 
connected together with suitable cable / wiring harnesses. The system components 
comprised:

1 Screen (section 4.3) and the front-end modules excitation circuits
2 Excitation (section 3.9) and detection (section 3.7.5) circuits
3 Cable harness - LO and signal cables, control and power distribution wires
4 LO distribution board (section 4.5.3)
5 Power distribution board (section 4.7)
6 Control board (section 4.7)
7 Signal multiplexer board (section 4.6)
8 PC with PC226 digital I/O card

Figure 4-22 shows the screen and front-end modules with the detection circuits shown 
within their enclosures. The excitation circuits sit underneath the detection circuits with 
a grounded copper sheet sandwiched between the two boards to reduce electromagnetic 
coupling between them.
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EXC/DET 
modules

LO signal cables

Signal cables

Power and 
control cables

Figure 4-22 Photograph of screen and front end modules showing excitation circuits

Control 
board

Power
distribution

board

LO
Distribution
board

Signal MUX 
board

Figure 4-23 Photograph of control, signal MUX, LO and power distribution boards within their
enclosures
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The control, signal MUX, LO and power distribution boards were placed within two 
enclosures (figure 4.21). The enclosures, cases recycled from old PCs, provided 
convenient, inexpensive (free) enclosures with power supplies with suitable outputs as 
regards voltages (+12V, -12V and +5V) and current specifications.

The signal MUX and control line boards were linked to the control workstation via the 
multi-coloured ribbon cable seen on the top left-hand corner of Figure 4-23. This 
provided 8 lines for the control board to provide two 4:16 decodes, with 16 lines for 
excitation channel selection and 16 lines for detection channel selection. The same 8 
lines were then routed across to the signal MUX board where they were used to select 
the same channels on the detected signal (with active detection channel selected) and 
reference signal (with active excitation channel selected) multiplexers.

4.10. MIT system control and measurement software

The MIT systems control and measurement software was written in C within the 
Labwindows CVI (National Instruments) environment. A full listing of the code is 
given in Appendix C.

The data acquisition cycle is as follows: with an empty detection volume 240 
measurements (16 excitation x 15 detection) are collected and are stored in memory. A 
sample is then placed in the detection volume and a further 240 measurements are 
collected. The data is processed to calculate the true change in the real and imaginary 
components, with the components defined in phase relative to the measured signals for 
the empty detector volume. The measurements are then stored as the ratio of the change 
in the signal components to the primary signal at the detection coils Re(AV/V) and 
Im(AV/V). Communication with the PC226e data acquisition card is via the ISA bus on 
the workstation while communication with the SR830 lock-in amplifier is via GPIB bus.

The function of the control and measurement software is described in more detail below:
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Initialize PC226e data acquisition board 
Initialize SR830 lock-in amplifier

Warning loop forwards 
Warning loop backwards

Reference set acquisition
For channel separations of 1 to 7

Set lock-in amplifier gain and range based on channel separation
Select active excitation channel
Select detector channel to measure
Acquire measurement of real and imaginary component from lock-in
amplifier
Store data in arrays Xref and Yref
Store data in file Data

For channel separation 8
Select active excitation channel
Select detector channel to measure
Acquire measurement of real and imaginary component from lock-in
amplifier
Store data in arrays Xref and Yref
Store data in file Data

Disable all excitation channels

Output to screen "Insert sample" 
Wait

Warning loop forwards 
Warning loop backwards

Measurement set acquisition
For channel separations of 1 to 7

Set lock-in amplifier gain and range based on channel separation
Select active excitation channel
Select detector channel to measure
Acquire measurement of real and imaginary component from lock-in
amplifier
Store data in arrays Xref and Yref
Store data in file Data

For channel separation 8
Select active excitation channel
Select detector channel to measure
Acquire measurement of real and imaginary component from lock-in
amplifier
Store data in arrays Xref and Yref
Store data in file Data
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Disable all excitation channels 
Close file Data

Process data

Open files measdatalM and measdataRe

For excitation channels 0-15
For detector channels 0-15

Compute magnitude of reference 
Compute magnitude of measurement 
Compute phase of reference 
Compute phase of measurement

Compute real part of resultant signal 
Compute imaginary part of resultant signal

Store real part in file measdataRe 
Store imaginary part in file measdatalM

Compute average of real part of resultant across all 240 channels 
Compute average of imaginary part of resultant across all 240 channels

Compute standard deviation of real part of resultant across all 240
channels
Compute standard deviation of imaginary part of resultant across all 240
channels

Output to screen average and standard deviation of real and imaginary 
parts of resultant signal

End for 
End for

The "warning loop" is a sequence in which each of the excitation channels 0-15 are 
switched on for 1710th of a second then switched off. This is repeated 'forward' for 
channels 0-15 and 'back' for channels 15-0. The only purpose of the warning loop is as 
an indication that signal data acquisition is about to start - switching the excitation 
channels on results in chatter from the relays which is an effective warning mechanism.
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4.11. Full MIT system performance measurements

4.11.1. Phase Noise

The system phase noise was measured, with an empty detector volume, as follows:

(i) a measurement set is collected. This consists of one full set of all channel 
combinations (240), then a 10 second wait, then a second full set of all 
channel combinations is collected.

(ii) the first set is subtracted from the second set and the measured signal 
components are phase rotated to produce the true change hi real and 
imaginary components.

(iii) This was repeated 10 times.

The average noise for each channel was calculated over the 10 measurements. The 
system's average noise was calculated by averaging across all channels. The phase 
noise may either be expressed in degrees or as a percentage, in this case representing 
Im(AV/V) where AV is the change in the detected signal due to the object, the 
secondary signal, while V is the signal due to direct coupling of the excitation and 
detection coil, the primary signal. The phase noise in degrees cp and Im(AV/V) may be 
converted between using

. . _,,, ,AV.. 180 4-1 0 = tan 1 (lm(-—))x —
V 7t

The average noise measured for the different channel combinations is shown in Figure 
4-24, with the channels sorted in the x-axis by channel separation, i.e. the separation 
between the active excitation channel and the detection channel. The value of the 

standard deviation of Im(AV/V) is expressed as a percentage of the primary signal, V. 
The average noise for each channel combination was found to vary from 0.005% to 
0.08% with the larger values tending to be when the distance between the excitation and 
detection coil was greatest, since the primary signal was least in these positions. The
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amplitudes, in Vrms, of the detected signals at the lock-in amplifier input are shown in 

Figure 4-25, again with the channels sorted in the x-axis by channel separation.
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Figure 4-24 Average noise in Im(AV/V) for the 240 different channel combinations. The channel 
separation is the separation of the receiver from the excitation coil in a clockwise sense (in units of

22.5°)
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Figure 4-25 the primary signal, V, in Volts r.m.s. at the detector output

Based on the results of these measurements, the short-term random phase noise level in 

the MIT system, averaged over all the channel combinations was 0.03%, corresponding 

to a phase noise figure of 0.017°. The large scatter in the results for a given channel
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separation is thought likely to be due to phase drift occurring during the measurement 
sequence, which lasted a total of 190s (two frames each of 90s with a 10s gap).

Although the amplitude of the detected signal varied by over 60dB between the detectors 
closest to the active excitation channel and those furthest away, the measured phase noise 
was observed to vary by only a factor of 4 over mil the range of channel separations, from 
approximately 0.01%-0.04%, taking the average for each channel separation.

If the phase noise was generated primarily from the imaginary component of voltage 
noise from the detectors input amplifiers, amplitude independence of phase noise would 
not be expected. Since the voltage noise in the detector amplifiers is expected to have a 
constant level, when expressed as a percentage of the primary signal, V, it should vary 
by the same factor as V itself resulting in phase noise which scales with detector input 
amplitude. This implies therefore that some other source of phase noise, independent of 
signal amplitude must exist.

One possible source of such phase noise is the lock-in amplifier reference channel. If an 
external reference is used, the lock-in amplifier will continually synthesize its internal 
reference signal from the analogue reference signal applied to its external reference 
input channel. The synthetic reference generated, as for any signal generated by a phase 
lock loop, will have a small and time varying phase error relative to the actual reference 
signal [117]. The phase noise on this reference will be independent of the amplitude of 
the input signal and it is thought that this is the most likely explanation of the much 
smaller range of phase noise variation observed with varying channel separation.

The observed phase noise of the system was therefore found to be well within the target 
specification of 100m° (section 3.2).

4.11.2. Phase Drift

To determine the system's long term phase drift, 30 full measurement sets were 
collected, with a 10 second delay between each set. The total time for the 
measurements was therefore 30 * 100 seconds = 50 minutes.
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The drift of each channel was calculated by obtaining maximum - minimum values over 

the 30 measurements. The system's average drift was then defined as the average drift 

over all channels. The maximum drift was defined as the figure obtained for the channel 

combination with the highest drift figure. The results are shown in Table 4-4. It can be 

seen that over an extended time, the drift in the values is much higher than the noise.

Drift
Average drift
Maximum drift

Real
0.17%
1.5%

Imaginary
0.23%
1.3%

Table 4-4 Average and maximum phase drift

To examine the influence of switching the excitation channel on and off on the observed 

drift, the following measurement was undertaken. A single channel (channel 0) was 

turned on and left to stabilise for 10 minutes. Again 30 measurement sets were obtained 

over a 50 minute period, but this time taking just Excitation channel = 0, and Detection 

channels =1-15. The results obtained are shown in Table 4-5.

Drift
Average drift
Maximum drift

Real
0.38%
0.68%

Imaginary
0.56%
0.68%

Table 4-5 Average and maximum phase drift with excitation channel held on

There appears to be no benefit in switching on the excitation channel and allowing it to 

stabilise. It should be noted that the detector amplifiers were still disabled when not in 

use and therefore they did not have the opportunity to stabilise - they are typically 

activated for just 0.5s and are then disabled and their inputs and outputs are placed in a 

high impedance state. This mode of operation had been adopted to reduce the potential 

for large temperature fluctuations of the detectors input buffer amplifier.

The figures obtained for long term phase drift show that longer delays between 

acquiring a reference data set (with an empty detector) and acquiring the measurement 

data set with the sample in place will likely cause a significant deterioration in the phase 

measurement performance of the system since phase drift would begin to dominate over 

short term phase noise. The present system therefore can only match the average phase 

precision performance of <20m° if the measurements are carried out with short delays
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between the reference set and measurements set, with 1 minute delay a likely maximum 
for reasonable performance. In most of the imaging measurements described in the 
following sections, 10-15 second delays were typically employed with total data 
acquisition times for both measurements sets of under 200s.

4.11.3. Inter-channel cross-talk

Inter-channel crosstalk is a potential source of systematic phase measurement error. 
There are several mechanisms through which channels can couple and two routes, 
through the signal distribution systems will be considered here.

Cross-talk through LO distribution system
The LO signals are split from a single signal generator and are distributed to all of the 16 
detection boards. This therefore provides a route through which the detected signal in one 
channel can leak into the other channels. The buffer amplifiers in all of the detection 
channels are disabled when not in use and this was implemented partly to limit the ability of 
the inactive channels to produce cross-talk interference. In the present design however two 
channels must always be activated, one of which is the reference signal which will typically 
be much larger, by up to 60dB or more, than the other detected signal channels.

Figure 4-26 shows a block diagram of the LO distribution network with the output of 
the LO power amplifier feeding the 16 mixers of the detector circuits via 390Q 
resistors. Assuming the top mixer to belong to the reference channel and the bottom 
mixer in the figure to belong to the active detection channel, the dashed line 
demonstrates the potential route through which cross-talk could occur.

The mixers, if working correctly, should provide ~40dB of isolation between the RF and 
LO ports. The residual signal leaked via the RF-LO ports will then be presented with a 
390ft resistor in series with 15 (390Q + 50Q) impedances representing the combined 
resistors and mixer impedances of the other mixer branches and also an estimated 
impedance of ~10Q maximum for the output impedance of the LO power amplifier and 
its cable. This will therefore result in the signal being divided by the ratio 390 : 7.5 and 
should therefore have been attenuated by ~34dB. The voltage drop across the 390Q 
resistor feeding the detector channels mixer will lead to a further attenuation of 18dB. The
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total attenuation of the signal leakage from the reference channel to the detector channel 

via this route is thus an estimated 90dB.

LO power 
amplifier

390Q

1 RFin

3——(X IF out

390Q LO in

RFin

IF out

IF out

Figure 4-26 Potential route for cross-talk via LO distribution network

The estimated cross-talk figure of 90dB appears to be small. In the least favourable case 

however, the primary signal received at the mixer input of the channel furthest from the 

excitor will have an amplitude of -ImVpp. At the reference channel however the signal at 

the mixer input will be > 2Vpp (the mixer will typically be well into its compression range). 

The reference will be expected to contribute about 0.07mV (2V attenuated by 90dB) which 

is equivalent to 7% of the received primary signal. Since the secondary signal we wish to 

measure are also typically a few percent of the primary, and the measurement precision 

desired much less than this, ideally <0.1%, it can be seen that the crosstalk is potentially 

significant.

Cross-talk through detected signal distribution system

All of the detected signals after downconversion filtering and amplification in the detector 

circuits will be distributed through two 16:1 multiplexers, including the reference signal. 

The multiplexers therefore are a second route through which cross-talk may occur.
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The inter-channel isolation was measured by applying a 10kHz signal of IVpp to one of 

the inputs and then measuring the signals appearing at the outputs which were not 

selected. The same cable system as employed in the MIT system was used and the 

SR830 lock-I amplifier was used to measure the leakage signals. The isolation between 

the input and the inactive channels was observed to be at least 70 dB between adjacent 

channels of the multiplexer and 98 dB for channels with the greatest separation.

In this case therefore the reference will contribute a crosstalk of about 0.03 mV (i.e. 2.1 V 

reduced by 98 dB) equal to about 2% of the received primary signal. Again the cross-talk was 

found to be significant in comparison the secondary signals which were to be measured, hi 

both cases it was considered that cross-talk was certainly a potential means through 

which systematic errors could be introduced, and through which phase drift and noise 

could be exacerbated. However, if such cross-talk does not vary with time, it effectively 

becomes part of the measured primary signals and should not therefore have a 

significant effect on the measurement of the secondary signal.

The existence of systematic errors entering the measurements would be kept under 

scrutiny. In particular failure of one of the mixers (a fairly common occurance) results 

in a loss of isolation between the RF and LO port of around ~30dB which would 

certainly be expected to introduce significant systematic errors. Such cross-talk issues 

should be recognised and attempts to reduce them made in future systems.

4.11.4. Temperature sensitivity of receiver components

Temperature variations in electronic components are a common cause of drift in circuits. 

An investigation was therefore carried out to determine the relative sensitivity of the active 

components of the detector circuits, as regards phase drift, to changes in their temperature.

Heat-sink compound (HTCP, Electrolube, Berkshire, UK) was applied to the tops of 

five components of one of the detector circuit— the first and second stages of the RF 

input buffer amplifier, the TUF-1 mixer, the low-frequency amplifiers (an AD8056) and 

the filter and final amplifier section. These have been labelled 1-5 in Figure 4-27.
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AD8056
Output

Low-frequency amplifier 
and filter

Figure 4-27 Detector circuit design. The labels 1-5 shown against the components relate to 
measurements described in this section. LO is the input from local oscillator

Measurements of the imaginary component of the detected signal output from this 
module were now made using the SR830 lock-in amplifier. A broad-tipped soldering 
iron was held against each device in turn for a 5s period, via the heat-sink compound 
and measurement were made at a rate of 2 s~l for a period of 10 min. This sequence of 
measurements was repeated twice and the results averaged. A further three sequences 
were then acquired and averaged, but this time with the soldering iron applied to the 
corresponding components in the detector circuit of the reference channel. The results 
of these measurements are shown in Figure 4-28.

A second experiment was also performed in which the components were placed on separate 
circuit boards. Each component board was then placed within a temperature controlled oven 
with the signals routed into the oven to the component under test and out to the rest of the 
circuit of Figure 4-27. The change in phase of the output signal in response to temperatures 

in the range 30-60°C was then recorded. The results are shown in Table 4-6.
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Figure 4-28 Change in Im(AV7V) of signal output from the detector circuit of figure 4-27 measured 
using a SR830 lock-in amplifier over a 10 min period. The curves labelled KEF and DET show the

variations measured when components in the reference and detection circuits were heated 
respectively. The times indicated by the markers 1-5 show the points at which the components with 
the same label in figure 4.27 were heated. Each curve is the mean of three measurements with error

bars shown equal to ±1 standard error

Component
OPA2682
OPA682
TUF-1H
AD8056

Temperature coefficient of phase change (n^C1)
11 ±0.5
11 ±0.5
94 ±5
7±1

Table 4-6 Temperature coefficients of phase change (mean ± standard error) measured by heating
the devices in an oven

The results of both experiments confirmed that the TUF-1H mixer was the most 
temperature sensitive component of the detection circuit. In the first experiment the 
mixer produced a maximum change in Im(AVYV) of -4.2% or 2.4° during the 

measurements with the detection channel (figure 4.27). When the corresponding 
components in the detection circuit of the reference channel were heated, very similar 
changes were observed but as would be expected, with the opposite sign. This 
behaviour was confirmed with the results of the second experiment which again showed 

the mixer to have by far the greatest sensitivity to temperature variations.
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4.11.5. Capacitive coupling within the system

Within an MIT system the coupling between the excitation and detection coils, and 
between these coils and the sample, should be entirely by magnetic fields. In reality 
however capacitive coupling may also exist and may be a significant cause of errors in 
MIT signal measurements. This is of particular concern for biomedical MIT since the 
'true MIT' detected signals will typically very small.

Target
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Figure 4-29 Equivalent circuit of a MIT excitation/detection coil pair showing main coupling nodes
(from [128])

Goss et al [128] described an equivalent circuit for a MIT excitation / detection coil 
pair, shown in Figure 4-29, and from this identified six possible coupling mechanisms. 
With reference to Figure 4-29, these are:

A Direct inductive coupling between the source and detector coils (M]2). This has 
been referred to as the primary signal throughout this thesis.

B Inductive excitation - inductive detection (via Mi 3 and M2s) is the desired MIT 
mode of detection. The primary magnetic field induces eddy currents within the 
sample. These eddy currents then produce the secondary magnetic field and a
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resulting secondary induced signal at the detector coil which will be in-quadrature to, 
and typically much smaller than for low conductivity samples, the primary signal.

These two mechanisms are the only routes through which excitation and detection 
sensors should couple in an MIT system. The reduction of coupling via mechanism A is 
desirable as it may improve MIT measurement precision and techniques for 
implementing primary field 'de-sensitization' will be discussed in chapter 5. Four 
further coupling mechanisms also exist however:

C Direct capacitive coupling (via Ci2) between the source and detector through. 
This form of coupling produces a signal in phase, or 180° to the primary signal.

D Capacitive excitation - capacitive detection. The coupling here is through 
capacitive coupling of the excitation coil - sample and then further capacitive 
coupling from sample - detection coil. Resistive losses within the sample will 
result in changes in the in-quadrature component of the detected signal.

E Inductive excitation - capacitive detection. The coupling is through inductive 
coupling of the excitation coil - sample and then capacitive coupling from sample 
- detection coil.

F Capacitive excitation - inductive detection. The coupling is through capacitive 
coupling of the excitation coil - sample and then inductive coupling from sample - 
detection coil. Goss et al [128] state that this effect is more pronounced when the 
sample and coils are of comparable size and recommend grounding the sample.

The impact of direct capacitive coupling may be limited by two means. First if 
measurements of the conductivity of sample are required, then phase sensitive detection 
may be used to measure changes in the imaginary component only and to reject changes 
in the real part. Secondly the use of a large grounded screen surrounding the detection 
volume and/or grounded shielding around the coils may reduce capacitive coupling 
sufficiently to reduce coupling via mechanisms C-F to an acceptable level. Griffiths et al 
[108] suggested that, unless the air gaps between the coils and sample are very small, the
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reactance across these air gaps should be very high in comparison to the impedance of the 
sample and contamination of the detected signal will be predominantly in the real part.

Given the possibility of such significant contamination of the detected signal, a series of 
measurements were carried out with the full 16-channel MIT system to estimate the 
influence of residual capacitive coupling on measurements of both the imaginary and real 
components of the systems detected signals. The results of these measurements, and a 
discussion of the potential causes of the observed behaviour were published by Griffiths 
et al [108]. A review of the methods and results presented in this paper is given below.

Review of the measurements and results published in Griffiths etal [108]
All the measurements described in this paper were carried out with the 16-channel MIT 
system described in this chapter, hi combination with a SR830 lock-in amplifier as 
measurement system.

To test capacitive coupling between the coils, measurements of the response of the signal 
vs. conductivity of the sample were made. A cylindrical glass vessel, diameter 12cm, height 
20cm, was filled with saline of nominal conductivities 0.012, 0.5,1.0,1.5,2.0 and 3.0 Sm" 1 . 
Measurements were then made using two channel combinations: channel 0 and 8 the active 
excitation and detection coils then a second measurement with channel 8 and 0 the active 
excitation and detection coils. A reference data set was first collected with the detector 
empty. The sample was then placed within the centre of the detector and a measurement set 
was collected. This was repeated 4 times and the results averaged and the standard deviation 
calculated .The results of these measurements are shown in Figure 4-30.

The imaginary component Im(AV/V) can be seen to be linear with conductivity as expected 
from theory (equation 2.16). This was thought to indicate that no gross contamination of the 
signal due to mechanisms C-F described above was occurring.

The variation of the real component Re(AV/V) however is more complex. The interpretation 
given in the paper was that the small positive value was due to the permittivity of the saline. 
As the conductivity increased, the skin depth became significant relative to the dimensions of 
the sample and the relationship described in equation 2-16 broke down.
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Figure 4-30 Changes in the imaginary (top graph) and real components (bottom graph) of the MIT
signal, relative to the measurement with no sample present, vs. sample conductivity. The standard

deviation of the measurements was 0.01 % (from [108]).

Electric field shielding was then added to the coils. This was formed from metal tape placed 
around the coils, but with two gaps to prevent eddy currents circulating within them. After 
the addition of the shielding, there was a small but significant reduction of about 6% in 

Re(AV/V) obtained with tap water (conductivity 0.012 Sm"1 ). This suggested that there was 

a small but measurable amount of residual capacitive coupling within the system, which 
could be addressed with further shielding above that provided by the large external metal 

chassis / screen.

To aid the interpretation of the measurement results, the paper described an analytical 

model which provided the full eddy current solution for a simplified but relevant case. This
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model was derived from a previously published one by Gough [64], which described the 
field outside a spherical non-magnetic, conducting shell due to an oscillating magnetic 
dipole located at the centre of the shell. The model was extended in this paper to replace the 
shell conductivity a used in the previous model with a complex conductivity ac = a + 

ieoseo- The solution of this model provided the theoretical curves for Re(AV/V) and 

Im(AV/V) shown in Figure 4-31.
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Figure 4-31 Theoretical curves for AV/V versus conductivity from the model of Gough [64], for two 
values of the relative permittivity of the spherical shell, sr. The excitation frequency was 10 MHz

(from [108]).

This theoretical model appeared to qualitatively predict the behaviour of the system, with 
the curves obtained similar to the observed measurement. The values for Re(AV/V) and 

Im(AV/V) obtained are much higher than the measured values, but the geometry is quite 
different, with the theoretical model completely surrounding the field source, while for the 
measurement results the sample was relatively much smaller and did not surround the field 

source. Both measurements and analytical model show that Re(AV/V) and Im(AV/V) will 
deviate from the simple behaviour predicted by equation 2.16, and that forward models 
based on quasi-static approximations, in which skin depth is ignored, should be used with 
caution, especially as either frequencies and /or sample conductivities increase.
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4.11.6. MIT signals and system SNR: saline samples and in vivo 
measurements

The available signal to noise ratio (SNR) of the Cardiff Mkl MIT system was 
investigated through five sets of measurements. The first two measurements 
investigated the systems response to saline samples of varying conductivity and varying 
dimensions. In the third measurement set a simple 2-compartment model employing 
agar and saline was used for a preliminary investigation of the signal pertuburbations 
likely to be produced by cerebral haemorrhages. Finally two in vivo measurements were 
undertaken, first on the human head and secondly the human thigh. The results of these 
measurements are described and discussed below.

4.11.6.1. Variation of MIT received signal with conductivity

In the first set of measurements the variation of the MIT received signal with varying 
conductivity was investigated. The results of these measurements were previously 
published in Griffiths et al [108] and have been described and discussed in the context of 
capacitive coupling within this thesis in section 4.11.5.

The sample used was a cylindrical glass vessel, diameter 12cm, height 20cm, filled with 
saline of conductivities 0.012, 0.5, 1.0, 1.5, 2.0 and 3.0 Sm" 1 . A reference data set was 
first collected with an empty detector, the sample was then placed within the centre of 
the detector, and a measurement set collected.The differences between the data and 
reference measurements, AV, are divided by the reference measurements, V, to produce 
Re(AV/V) and Im(AVYV). Measurements were made using two channel combinations: 
first with channels 0 and 8 as the active excitation and detection coils, then, secondly, with 
channels 8 and 0 the active excitation and detection coils. This was repeated 4 times and the 
results averaged. The results of these measurements are shown in Figure 4-30.

The imaginary component was found to vary linearly with conductivity as predicted by 
equation 2-16. A linear regression fit of the Im(AVYV) versus the sample conductivity a 
provides the equation (-3.7a + 0.005)% and a coefficient of determination of 0.9997. Thus 
this particular container, of volume 2.3 litres, if filled with a material with electrical 
conductivity ISm"1 , would produce a variation in Im(AV/V) of -3.7% corresponding to a
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phase shift of 2.11°. The available system SNR, using a measurement noise of 0.03%, 
would therefore be 42dB for this sample.

The variation in Re(AV/V) was much lower than that found for Im(AV/V). If we assume 
that the real component of the signal derived from the lowest conductivity sample, of 
0.0128m" 1 , is due to induced displacement currents, then we may use equation 2-16 to 

compute the expected ratio between the imaginary and real components of AV/V. This 
may be expressed as

V
Using 3.7% for the gradient of Im(AV/V) versus the sample conductivity a, 

(0.155±0.009) % for the value of Re(AV/V) at zero conductivity (actually the value at a 
= O.OnSm"1) and a relative permittivity of 80 (water at 20°C ) then we obtain the ratio 

Im(AV/V) : Re(AV/V) of 1: 0.044. The observed ratio was 1: 0.042, corresponding 
closely to the expected value given by equation 4-2.

4.11.6.2. Variation of MIT received signal with vessel diameter

A number of different diameter cylindrical water tanks were placed centrally within the 
detector volume. Each tank was filled with 2S/m saline to a height of 12cm and had 
diameters of 13cm, 18cm, 20cm and 22cm, with corresponding volumes of 1.61, 3.11, 
3.81 and 4.51. The protocol used was (i) take a measurement set with an empty detector 
volume, then (ii) place the tank in detector and take a second measurement set, then 

calculate Im(dV/V) and store.

The average in Im(AV/V), across all 240 excitation / detection channel combinations was
-1.1%, -2.7%, -4.3% and -5.9%, while the maximum changes, occurring at those channels 
which were opposite each other (e.g. 0, 8; 1, 9 etc) were -3.3%, -6.1%, -8.5% and
-10.5% for tank diameters 13cm, 18cm , 20cm and 22cm respectively. The results are 

shown in Figure 4-32 expressed as the change in Im(AV/V) versus the volume of the tank.
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Figure 4-32 Average (solid line) and maximum (dashed line) in Im(A\7V) for differing tank volumes

The results show the range of the MIT detected signal for a sample with the maximum 

value of conductivity expected in biological tissues, 28m"1 , although the information is 

limited since the diameter was varied over a restricted range, 13cm - 22cm and the height 

of the saline within the sample was not varied.

4.11.6.3. A simple model of cerebral haemorrhage stroke

A simple 2-compartment model of a cerebral stroke was constructed. A tank filled with 

saline simulated the brain and an immersed block of agar simulated the haemorrhage. The 

20cm diameter tank was filled with 0.3 S/m saline to a height = 8cm. The agar sample was 

4cm diameter cylinder, height 8cm, and had a conductivity IS/m. The conductivity 

contrast between the agar and the saline was a factor of 3.3, a factor similar to the contrast 

between blood and brain measured at 10 MHz [3]. The agar sample volume was 100cm3 

representing 4% of the tank volume, and 2% of detector volume.

The agar sample was placed in 5 different positions: Ocm, 2cm, 4cm, 6cm and 8cm of 

centre of detector as shown below.
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(a) (b) (c) (d) (e)

Figure 4-33 Position of agar sample (dark gray circle) within the saline bath (lighter gray circle). 
The outermost circle represents the position of the detector coils.

Two measurement sets were taken:

Set 1 - absolute measurements
A measurement set was collected with an empty detector volume, then the tank and agar 
ample were placed together in the detector and a second measurement set was taken. The 
measurements of Im(AV/V) were therefore absolute measurements referenced to free space.

Set 2 - difference measurements
A measurement set was collected with the tank of saline in place only. The agar ample 
was then placed within the tank and a second measurement set was collected and 
Im(AV/V) computed. The measurements were therefore difference measurements, 
referenced to the saline tank without agar sample.

For the absolute measurements the maximum measured change in Im(AV/V) for the tank 
only was -1.57%, while for positions (a) - (e) (Figure 4-33) the respective changes were - 
1.73%, -1.74%, -1.73%, -1.75%, and -1.81%. For the difference measurements the 
respective maximum measured change in Im(AV/V) for positions (a) - (e) were -0.38%, 
-0.4%, -0.43%, -0.40% and -0.47%.

It can be seen therefore that the agar sample used in this model produced changes in the 
detected MIT signal which was well above the quoted measurement precision of the system 
of 0.03%, for both the absolute and difference measurement cases. This suggests that Cardiff 
Mkl MIT system should be able to discriminate at least the existence of the 'stroke' in this 
model in reconstructed images, if not its position and dimensions to some extent. Images 
reconstructed using this model are presented and discussed in the next chapter section.
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4.11.6.4. Measurements on the human head in vivo

Measurements on the human head in vivo were undertaken using the Cardiff Mkl system. 
The system was set up such that its central axis lay parallel to the table top on which it 
was placed. A reference measurement with the detector empty was taken, and then a 
volunteer (the author) placed their head within the detection volume and a second 
measurement set was collected, and Im(AV/V) was computed. The measurements were 
repeated 4 times.

A foam insert was cut such that it matched both the dimenions and shape of the head, and of 
the inner surface of the screen. The inset then allowed reproducible positioning of the head 
within the detector. For all the measurements the head was positioned such that the bridge 
of the nose was level with the centre of detection coil 0 (with the coils numbered 0-15).

CoilO

detection 
coils

screen

Figure 4-34 Positioning for in vivo human head measurements

The average measured value of Im(AV/V) across all channels was -1.55% ± 0.01%, while 
the maximum measured value of Im(AV/V) was -4.78% ± 0.03%. The errors on the 
measurements were derived from the standard deviation over the 4 measurement sets. A 
single measurement set on a second volunteer obtained similar values, of -1.74% and - 
5.2% for the average and maximum measured value of Im(AV/V) respectively.
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The Cardiff Mkl MIT system therefore provided a SNR for measurements of the head of 

a volunteer of 34dB and 44dB based on the average and maximum values of Im(AV/V) 

obtained respectively and a measurement noise of 0.03%.

4.11.6.5. Measurements on the human thigh in vivo

hi a set of imaging experiments, previously published hi Watson et al [10], four 

volunteers were recruited for the purpose of in vivo imaging of the human thigh. The 

MIT array was positioned with its axis oriented horizontally, as for the in vivo human 

head measurements, to enable the leg of a supine volunteer to be placed within the array 

and imaged. First, a reference measurement data set was acquired with the array empty. 

The subject's leg was then inserted through the array such that the coils were 

approximately midway between the knee and the groin and a measurement data set was 

then acquired. Anthropometric data on the four volunteers is given in Table 4-7.

Subject

1

2

3

4

Height (m)

1.8

1.66

1.82

1.88

Weight (kg)

88

67

85

94

Mean thigh diameter (mm)

143

146

152

156

Table 4-7 Details of the 4 subjects measured

The average measured value of Im(AV/V) across all channels over the four measurements 

was 0.57%, 0.40%, 0.52% and 0.42% for subjects 1-4 respectively. The maximum 

measured value of Im(AV/V) over the four measurements was 2.44%, 1.88%, 2.14% and 

1.89% for subjects 1-4 respectively.

A cylindrical saline phantom, of approximately similar dimensions to the thigh (diameter 

150mm, length 200mm) and of varying conductivity (0.28m'1 , 0.48m'1 , 0.68m" 1 , 

0.88m" 1 , l.OSm" 1) was used as a calibration, allowing the equivalent uniform 

conductivity of the thigh to be estimated. The sample was placed within the array in the 

same postion as for the thigh in the previous measurements. The average value of
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Im(AV/V) across all channel combinations was computed for each value of saline 
conductivity and the results are shown in Figure 4-35.
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Figure 4-35 Average value of Im(AV/V) across all channel combinations for cylindrical saline
phantom of varying conductivty

A linear regression fit of the Im(AV/V) versus the sample conductivity a provides the 

equation (0.77cr - 0.02)% and a coefficient of determination of 0.9999. The equivalent 
uniform conductivity of the thigh of subjects 1-4 using this equation to convert from the 
measured values of Im(AV/V) were 0.718m"1 , 0.498m"1 , 0.658m'1 , 0.528m'1 . For the four 
subjects, the values therefore lie between 0.49 S m"1 and 0.71 S m"1 , a range which is in 
reasonable agreement with the published range for fat and muscle at 10 MHz, the main 
constituents of the thigh (fat 0.03 S m"1 , muscle 0.67 S m"1 from Gabriel et al [23].

4.12. Imaging with the Cardiff Mkl system

4.12.1. Image reconstruction

A detailed description and discussion of the full image reconstruction methods which 
have been employed with the Cardiff Mkl MIT system is outside the scope of this 
thesis. The development of the forward modeler and image reconstruction algorithm 

employed were the subject of the thesis of Morris [14] and full details may be found
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there. However, a brief description of the image reconstruction method employed in all 
of imaging studies decribed in this thesis is given below.

The forward modeller employed was a quasi-static finite-difference algorithm such that 
skin depth and wave propagation effects were not consideredThe detection volume was 
discretised into cubic voxels and a value for the initial estimate of conductivity was set 
for each of the voxels. The magnetic vector potential induced within each voxel was 
then calculated for each of the excitation coils and then the scalar potential in all of the 
nodes. The eddy currents induced within the sample were then calculated.

The voltages induced within the detection coils were computed by subdividing the coil 
into elements. The scalar product of the vector potentials produced by all eddy current 
elements within the detection volume within each coil element were computed and these 
were summed across all of the coil elements.

The sensitivity matrix S employed in image reconstruction was calculated using two 
methods - a perturbation method and one based on the reciprocity principle [116]. Early 
images produced using the first method but the computation of the S matrix by this 
method is extremely slow for all but the lowest number of voxels. Subsequently, a much 
more efficient reciprocity method was employed and this has been used to produce the 
images shown in this section. The entries of the reciprocity-based sensitivity matrix S 
were calculated as follows:

For each excitation / detection coil combination, the sensitivity S/ of voxel i with 
conductivity a; will be given by

where JEi is the eddy current density induced by the excitation coil within voxel i, and 

JD, is the eddy current density which would be induced by the detection coil if it was 

employed as an excitation coil. The resulting sensitivity matrix S has dimensions rows * 
columns equal to number of voxels * number of coil combinations.
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MIT, as is the case for BIT, is an ill-posed problem and image reconstruction requires 

the use of regularization methods. The method selected was a Tikhonov scheme which 

proceeds as follows. If the MIT forward problem is described by

Sa = b 4-2

where cr is the unknown conductivity distribution vector and b is the measurement 

vector, then the Tikhonov regularized solution o> of the unknown conductivity 

distribution will be given by

a, = mn T- + a- cr0 4-3
CT

Where /I is the regularisation parameter, L is the regularisation matrix and a0 is an a 

priori estimate of a: A number of regularization matrices may be employed, but for all 

of the following images the simplest choice, the identity matrix, was used. No a priori 

information was incorporated, i.e. (TO =0.

The images were reconstructed using a MATLAB regularisation toolbox [129] with the 

L-curve method described by Hansen and O'Leary [130] employed for the selection of A- .

4.12.2. Imaging studies carried out with the Cardiff Mkl system - 
biomedical applications

Since its construction the Cardiff Mkl MIT system has been used to collect numerous 

data sets from a variety of samples. The purpose of these measurements has been two 

fold: to investigate the characteristics of the MIT received signal from objects with a 

range of dielectric properties and geometries and to compare with theory and models, 

and secondly, to provide real measurement data to aid the development of MIT image 

reconstruction methods.

A brief description and discussion of two imaging studies relevant to the biomedical 

application of MIT is given below. The two studies were (i) a simple physical model of a 

cerebral haemorrhage and (ii) in vivo images of the human thigh. Both of these studies have
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been discussed previously as regards the signal values obtained, within chapter sections 
4.11.6.3 and 4.11.6.5.

Simple model of Cerebral Haemorrhage
These images were produced using the simple model of a haemorrhage within the brain 
(haemorrhagic stroke) described in section 4.11.6.3 and previously published in [131]. 
To recap, the model consisted of a cylindrical glass tank of diameter 20cm tank filled to 
a height of 8cm with 0.3S/m saline, chosen to be representative of the average value of 
conductivity of white and grey matter at 10MHz [20]. The haemorrhage was modelled 
using a 4cm diameter cylinder, of height 8, of agar of conductivity IS/m (blood = 
1.5S/m at 10MHz, from Gabriel et al [20]). The haemorrhage volume was 100cm3 
representing 4% of the tank volume, and 2% of detector volume.

The haemorrhage was located at positions Ocm, 2cm, 4cm, 6cm and 8cm of centre of 
detector as shown in the top row of figure 4.27. Two measurement sets were taken:

Set 1,2nd row Absolute images. These images are referenced to free space with a 
reference set taken with an empty detector, then the tank and 
sample placed in the detector together.

Set 2, 3rd row Difference images. These images are referenced to a tank saline 
background. The reference set was taken with the tank and saline 
only, then the sample was placed within the tank (with an volume 
of saline removed equal the sample volume.

Negative values in the images have been truncated.
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Figure 4-36 Images obtained from a simple physical model of cerebral haemorrhagic stroke. The
top row shows the actual location of the haemorrhage within the tank. The 2nd and 3rd rows show

absolute and difference images respectively (from [5]])

The volume of the haemorrhage, 100cm3 , is relatively large in comparison to the blood 
volumes required to be measured in practice. Also in practice the stroke would not be 
expected to completely displace the white/grey matter, and the actual conductivity of 
the tissue volume affected by the stroke would most likely lie somewhere between the 
range of normal values for blood and brain tissue dependant on the relative proportion 
of each component.

The images do show that MIT systems can produce information on conductivity 
distributions with values relevant to real biomedical applications. The location of the 
haemorrhage can be seen in the absolute, and quite clearly in the difference images. 
The Cardiff Mkl system has relatively modest signal to noise ratio for this application, 
of the order of 40dB, and the image reconstruction method used to produce these 
images was relatively crude. A free space S matrix for instance was employed (the 
sensitivity matrix was computed with each image voxel perturbed from conductivity 
OSm"1 to ISm"1), and the images are 2 1A D, with column voxels extending the full 
height of the saline. Nevertheless, the images appear to contain useful information and 
they suggest that MIT imaging for this particular application may be practical.
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In vivo images of human thigh
In a second set of imaging experiments, described in section 4.11.6.3 and previously 
published in [10], four volunteers were recruited for the purpose of in vivo imaging of 
the human thigh. The MIT array was positioned with its axis oriented horizontally to 
enable the leg of a supine placed within the array and imaged. First, a reference 
measurement data set was acquired with the array empty. The subject's leg was then 
inserted through the array such that the coils were approximately midway between the 
knee and the groin and a measurement data set was then acquired.

Calibration measurement were taken using a plastic cylinder of saline solution (diameter 
150 mm, length 200 mm) which was positioned at the same vertical position in which the 
leg had been. MIT measurements of a plastic rod of diameter 36 mm, immersed in the 
solution to simulate the femur, were also taken. The rod was positioned roughly to represent 
the anatomical position of the femur in the leg. Images from the study are shown in figure 
4.37. The first row shows in vivo images taken from one of the subjects and the 2nd row 
images of the saline cylinder. Row 3 and 4 show absolute and difference images of the 
cylinder of saline with the Perspex rod in place. The 2nd and 3rd columns show the images 
constructed from the data sets of the real and imaginary components respectively.

i (a) Absolute images 
| Thigh Subject 1

(b) Absolute images 
Saline cylinder 
I.OSnr1

j (c) Absolute Images
| Saline cylinder
| Rod in place

(d) Difference 
images
Saline cylinder 
Rod In place

Figure 4-37 Images reconstructed from the real and imaginary parts of the data for (a) a human
subject and (b)-(d) a saline phantom. The inner white circle is the region of interest applied for

summing the image values. All images were normalized to the maximum image value (from |10|)
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In the in vivo images of the thigh in row (a), no internal structure, the femur for 
instance, could be discerned, hi the measurements using a saline cylinder representing 
the thigh with an insulating rod simulating the femur (row (c)), the rod could again not 
be distinguished on absolute images, hi the difference images however (row(d)), the 
images clearly showed the rod. The conclusion given in Watson et al [10] was that the 
spatial resolution and contrast were not limited by the noise in the MIT system, but by 
the image reconstruction algorithm employed.

The two imaging studies described, the haemorrhagic stroke model and human thigh 
model and in vivo images, demonstrate some of the significant problems to be faced in 
developing practical biomedical MIT imaging. Specifically, the images display limited 
spatial resolution, most particularly in central volumes of conductive objects. The 
images also however demonstrate that it is possible to collect images containing useful 
information from models with physiologically relevant conductivity values and 
distributions. That such results were obtained with one of the first prototype MIT 
systems constructed, using reconstruction methods which are at a relatively early stage 
of development, must be considered promising.

4.12.3. Imaging studies carried out with the Cardiff Mkl system - 
multi-phase flows

An industrial application for which MIT has been suggested, previously described in 
section 2.3.8.1, is the monitoring of multi-phase flows in pipelines and separators in off 
shore oil production.

The Cardiff Mkl system was therefore employed in an investigation in which images 
were reconstructed from data obtained from a phantom simulating multiphase flow in an 
oil pipeline. The measurement set-up and results, which were published in a paper by 
Watson et al [10], believed to be the first report of tomographic measurements and 
imaging using MIT for this application, are summarised below.

In this study, an oil pipline phantom (a cylindrical plastic tube of diameter 200 mm and 
length 500 mm) was positioned coaxially through the Cardiff Mkl MIT systems coil 
array (Figure 4-38). The pipe phantom was then filled to different levels H with saline 
of SSnf1 in conductivity to simulate stratified flow, with H=10% to 100% of the height
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of the cylinder, and measurement data sets were acquired. The air in the pipe 

represented the oil and gas content within a real oil pipeline. The tube was supported by 

a horizontal platform along which it could be slid out of the array for the reference 

frame of data to be acquired.

Figure 4-38 The Cardiff Mkl MIT system imaging a simulated multiphase flow in a cylindrical
pipe phantom

The images obtained for the different volume fractions of the saline solution are shown 

in Figure 4-39. The images were reconstructed from the measured values of Im(AV/V) 

using a sensitivity matrix computed by dividing the cylinder into 20 x 20 * 50 cubic 

voxels, of side-length 10 mm. The first set of images (column 3) were reconstructed 

using a sensitivity matrix computed for free space while the second set of images 

(column 4) were reconstructed using a sensitivity matrix computed for a uniform 

conductivity within the pipe, using the reciprocity principle (equation 4-1). In both 

cases, the reference frame of data was measured with the cylinder removed from the 

MIT array (i.e. for free space).
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Figure 4-39 MIT images of a simulated oil/gas/seawater mixture in a pipeline for different fractional
depths, H, of saline solution. The second column indicates the true cross-section of the saline in the

pipe (white area). The third and fourth columns contain images reconstructed with the two different
sensitivity matrices; in each case, the regularization parameter, X, is given. The white circle indicates

the position of the pipe wall. Further details of the experimental set-up may be found in [10].

The main image features in Figure 4-39 resulting from the conductive saline solution 
are the bright areas, which were negative values. Any positive image values occurring 
near the edge of the images, corresponding to reconstructed negative values of 
conductivity, were set to zero.

226



Chapter 4 The Cardiff Mkl MIT system: Design, Performance and Applications

The images reconstructed with the 'free-space' sensitivity matrix appeared to give a 
better impression of the cross-section of the simulated seawater in the pipe. The images 
reconstructed for the conductive background showed the main area of conductance 
compressed inwards from the wall and a void at the centre and also displayed artefacts 
at the pipe wall. Interestingly it was found that a response curve of the normalized 
integrated image value plotted against water fraction was insensitive to the sensitivity 
matrix used for the image reconstruction.

The results obtained were considered promising, but fiirther development of the 
reconstruction algorithm is required, hi particular the highly non-linear nature of image 
reconstruction must be addressed either through the use of iterative image reconstruction 
or the use of other image reconstruction methods which can robustly deal with non- 
linearity such as neural networks. Further simulations of different flow regimes 
encountered in this application, e.g. bubble and annular flows, must also be undertaken.

4.13. Summary

The major outcome of the work described in this chapter was the design, development 
and performance testing of a 16-channel MIT system, the Cardiff Mkl system. The final 
design of the system and the system's performance is detailed below.

The MIT system had a cylindrical aluminium screen (35cm diameter, 25cm height) 
within which were attached 16 perspex coil formers of 5cm diameter (section 4.3). 
Wrapped on each former were a 2-tum excitation coil and a 2-turn detection coil 
(section 4.4). The excitation and detection circuits were housed in 16 separate metal 
enclosures attached to the outside of the screen.

The excitation signal source was derived from a 10MHz temperature compensated 
crystal oscillator module which was enabled when the channel was to be used as the 
transmitter. The output of the oscillator was passed to a buffer and coil driver amplifiers 
which provided a 100mA excitation current (section 3.9.3). The output amplifiers 
(OPA2682) had a disable function which could place the outputs into a high impedance 
state, thus allowing isolation of the transmitter coil when not in use
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The input to the detection circuits (section 3.7.5) was a wideband instrumentation amplifier 

with unity gain. This allowed conversion of the received signal from balanced to 

unbalanced while providing rejection of capacitive pickup. The signal was the passed to a 

mixer where it was mixed with a 9.99MHz waveform, thus downconverting the signal to 

10kHz. The 9.99MHz waveform was derived from a single, low-phase-noise generator and 

was distributed to each detector channel via a 1:16 resistive power splitter. The mixer 

output then underwent amplification and low pass filtering. The 10kHz outputs from the 

detector modules had an amplitude range of ImVpp - IVpp depending on the 

transmitter/receiver channel separation. The downconverted signals from the detectors were 

distributed to two analogue multiplexers, one of which selected the received signal, and the 

other the reference (6Vpp) derived from the channel active as the transmitter.

The signal measurement system was a digital lock-in amplifier controlled by PC via a 

GPIB interface (section 4.8). The lock-in amplifier operated as a quadrature phase 

sensitive detector, providing the real and imaginary components of the received signal 

relative to the phase of the reference.

The phase noise (expressed either as percentage Im(AV/V) or in degrees) for each of the 

240 channel combinations were found to vary from 0.005% (3m°) to 0.08% (45m°) using a 

lock-in amplifier time constant of 17ms (section 4.11.1). The larger values occurred when 

the distance between the excitation and detection coil was greatest, since the primary signal 

was least in these positions. The average phase noise of the system across all channel 

combinations was 0.03% (17m°). The amplitudes, in Vrms, of the detected signals at the 

lock-in amplifier varied from 1.2mVrms to 930mVrms. The average drift of Im(AV/V) over 

all channels over 50 minutes (section 4.11.2), was 0.23% (150m°), while the maximum 

observed drift in the imaginary component was 1.3% (640m°). The system took 

approximately 3 minutes to acquire data for imaging - 90s for a reference set with an empty 

detector volume, then a further 90s to acquire a measurement set with the sample in place.

From measurements of the phase versus temperature characteristics of components within 

the detection circuits it was found that the mixers had by far the highest sensitivity to 

temperature variations. The phase / temperature coefficients obtained were: input buffer = 

1 lm°C"1 , mixer = 94m°C" 1 , low frequency amplifiers and filters = 7m°C".
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The response of the system to different saline samples was investigated. The change in 
Im(AV/V) was linear with conductivity over the range 0-6 Sm"1 for the samples used as 
expected from theory. The variation of the real component Re(AV/V) was not constant as 
expected however, but instead displayed a non-linear change with increasing 
conductivity. It was thought that the skin depth became significant relative to the 
dimensions of the sample and the quasi-static approximation described by equation 2.16 
broke down. Electric field shielding was added to the coils resulting in a small but 
significant reduction of about 6% in Re(AV/V) obtained with tap water (conductivity 
0.012 Sm" 1). This suggested that the residual capacitive coupling within the system was 
small but measurable.

The results of measurement sets from saline samples of varying conductivity and dimensions, 
from a simple model of cerebral haemorrhage, and from in vivo measurements of the human 
head and thigh were described and discussed in section 4.11.6. Images of the cerebral 
haemorrhage model and human thigh were then presented and discussed in section 4.12. 
The in vivo measurements of the human head suggest that the the Cardiff Mkl MIT system 
could provide a SNR of the order of 34dB and 44dB for human head measurements, 
based on the average and maximum values of Im(AV/V) obtained respectively, and a 
measurement noise of 0.03%. The SNR obtained for the human thigh measurements were 
in the range 22-26dB based on the average values of Im(AV/V) and 36-38dB based on the 
maximum values of hn(AV/V) obtained.

The SNR of the Cardiff Mkl MIT system, in combination with limitations in the 
reconstruction algorithms employed, resulted in reconstructed images with significant 
artifacts and limited spatial resolution in practice. For the thigh image for instance, internal 
structure such as the femur could not be detected. The results of the cerebral haemorrhage 
model and the multi-phase flow simulation were however encouraging. Even with the 
modest SNR available from this system for instance, the location of a simluated 
'haemorrhage' could be reconstructed hi both absolute and difference images. This suggests 
that MIT systems, with further development of instrumentation and reconstruction 
algorithms, could provide a fast, easily applied and inexpensive means of detecting and 
monitoring cerebral haemorrhage.
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In conclusion, the Cardiff Mkl system exceeded the specification for phase measurement 

precision of 100m°, providing 17m°. The device displayed low residual capacitive coupling 

and provided data, from saline samples and in vivo measurements on humans, which was 
consistent with the values expected from theory and previously published figures. The 
system offered SNR values in the range 22 - 44dB in in vivo and phantom measurements of 
the head and thigh which allowed images to be reconstructed.
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5. A planar array MIT system using 
primary field desensitization
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5.1. Introduction

This chapter describes the principles of, and the potential benefits to be obtained from, 
primary field desensitization of the detector coils. Details of the design and construction 
of a single-channel and a multi-channel MIT systems utilising this technique are given 
and the performance of the two systems is described and discussed.

The primary field signal in MIT systems, i.e. the signal due to direct inductive coupling 
between the excitation and detection coils, is large in comparison to the secondary field 
signal, i.e. those due to the eddy currents within the sample under investigation. The 
secondary signal is typically less than 3 % of the primary signal at a frequency of 10 MHz 
for samples with physiologically relevant conductivities and dimensions. Phase-sensitive 
detection (PSD) may be employed to exploit the 90° phase lag in the secondary signal but 
the measurement precision can be improved further by reducing or 'backing off the 
detected primary signal at the sensor.

The large primary field signal is responsible for introducing noise and drift into the signal 
measurements by two means - (i) by restricting the gain which may be applied to the 
detected signal and thereby limiting precision through quantisation errors, and (ii) by 
increasing the noise in the imaginary component of the detected signal stemming from 
phase noise and drift in the reference signal. The second of these sources of error in 
particular can be a significant limiting factor in the phase precision of MIT systems. The 
principle behind the reduction of this source of error through primary field desensitization 
of the detector coils is discussed in detail in section 5.2, along with practical means of 
achieving primary field desensitization.

In section 5.3 a method of primary field desensitization suitable for use in planar array 
MIT systems is introduced. A single-channel system utilising this method is then 
described and the performance achieved by this system, in comparison to the 
performance of the same system without primary field desensitization of its detector 
coil, is detailed. In section 5.4 the design and performance of a multi-channel planar 
array MIT system utilising this technique is described. The work described in section 
5.3 was carried out entirely by the author, while the multi-channel MIT system
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described in section 5.4 was developed in collaboration with Dr Claudia Igney during a, 
German Academic Exchange Service (DAAD) funded, 6-month work visit at the 
Medical Electronics and Signal Processing Research Unit, University of Glamorgan.

Finally in section 5.5 the perceived advantages and disadvantages of the use of primary 
field desensitization for MIT systems, and the methods of achieving desensitization, are 
described and discussed, based on the results and experience obtained from the two 
systems described in sections 5.3 and 5.4, and on published descriptions of other MIT 
systems using this technique.

5.2. Primary Field Desensitization

5.2.1. Noise / drift reduction through primary field desensitization

A phasor diagram representation of the detected MIT signal is shown in Figure 5-1 . Here 
V is the signal due to the primary field and AV is the signal from the secondary field. The 
imaginary component of the secondary field Im(AV) is considered to be due primarily to 
conduction eddy currents while the typically much smaller real component of the 
secondary field Re(AV) will be influenced by a number of factors including displacement 
eddy currents. If we wish to measure and image conductivity distributions then the signal 
of interest is Im(AV) and we may employ phase sensitive detection (PSD) to discriminate 
this component.

Im(AV) 

V+AV

Figure 5-1 Phasor diagram of the MIT received signal

To apply PSD we require a reference signal relative to which we will measure the phase. 
In an MIT system this reference will be the primary field signal V which defines 0°. Both 
the reference and the received signals however will undergo signal processing before PSD 
is applied and this could include buffering, amplification, filtering, downconversion and
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distribution and multiplexing. During these processes the phase of the two signals will be 
changed and it is unlikely that both signals will be phase shifted by exactly the same 
amount due to differences in components, signal paths and the amplitudes of the signals 
themselves. Even with an empty detector volume where both sets of detectors are 
measuring the primary field only, the two signals will have an arbitrary phase shift 
between them which must be compensated for when performing PSD.

For an MIT system collecting absolute measurements relative to free space, the 
measurement procedure will be that, first a reference data set is acquired with an empty 
detector volume to determine the arbitrary phase shifts between the channels, then the 
measurement data set can be acquired and the arbitrary phase shifts removed to determine 
the true changes in the real and imaginary components. If the arbitrary phase shifts between 
each of the received and reference channels are completely stable over the measurement 
cycle then the only noise which should appear in the measurement should be that produced 
internally within the amplifiers of the system and externally from noise sources outside the 
MIT system. The noise should be independent of the received signal amplitudes.

If, however, the arbitrary phase shifts between the received and reference channels vary 
between collecting the reference data and measurement data sets, then noise will be 
introduced into the measurement of Im(AV), which will be proportional to the total 
amplitude of the received signal. In Figure 5-2 the reference signal V used for PSD 
differs in phase from the primary field signal by A<|> due to a phase shift of this angle 
between the reference set with the empty detector and the measurement set.

V

lm(V)

Figure 5-2 Phaser diagram showing phase noise introduced by phase errors in reference

The phase shift A<|> will introduce an apparent change in the imaginary component 
Im(V) = Vcos(<|)). This noise component can be seen to be proportional to the amplitude 
of the received signal V. It follows then that if the amplitude of V can be reduced, the 
noise / drift component V^> can also be reduced. If ¥4, noise dominates over amplifier
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voltage noise and external noise, which appears to be the case for the Cardiff Mkl 

system described in chapter 4 (section 4.11.1), then reducing the sensitivity of the MIT 

system to the primary excitation field while retaining sensitivity to the eddy current 

field can therefore produce very significant improvements in the systems signal to noise 

ratio and allow the system to operate at lower frequencies for a given SNR. The term 

primary field desensitization (PFD) will be used since the method involves the 

reduction of the sensitivity of the detector to the primary field.

5.2.2. Methods of primary field desensitization

Primary field desensitization techniques suitable for use with multi-channel MIT 

systems which have been described previously may be categorised into two basic types: 

symmetry methods (gradiometry) and orientation methods.

In symmetry methods two detector coils are placed equal distances on either side of any 

axis of symmetry of the excitation coil. The coils are then connected in serial opposition 

to produce a gradiometer. Variations on this method which have been employed in 

magnetic induction measurement and MIT systems include placing the detector coil pair 

symmetrically about the plane of the excitation coil to produce an axial gradiometer 

[95, 132-134] and placing the detector coil pair symmetrically about the centre axis of 

the excitation coil to produce a planar gradiometer [135]. A further variation on this 

principle was described by Griffiths et al [9] who employed a single detection coil and a 

back-off coil mounted remotely. The back-off coil was oriented such that it produced a 

signal of equal but opposite amplitude to the detection coil with no sample hi place. The 

two signals were then summed to cancel the primary field signal.

hi orientation methods the detector coil (termed here a Bx sensor) is placed with its axis 

of sensitivity oriented parallel to the primary field [14]. No net primary field flux passes 

through the detector coil and it will therefore be insensitive to the primary field.

It would be valuable for a multi-channel imaging MIT system to have a coil array 

design in which for a given excitation coil, several or all of the detection coils have 

some measure of primary field desensitization. This would allow signal measurements 

to be performed in parallel thereby decreasing the total data acquisition time. Two array 

geometries for which multi-channel primary field compensation is possible are the
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planar array and the annular array. Each array geometry offers different potential 

advantages, depending on the application. For this stage of the project a study of the 

primary field compensated planar MIT arrays would be undertaken.

Primary field desensitization of all sensors in a multi-channel array is possible for the 

planar array geometry using axial and planar gradiometers (Figure 5-3 a and Figure 

5-3b) and Bx sensors (Figure 5-3c).

(a) (b) (c) 

Figure 5-3 Coil geometries providing desensitization for planar arrays

The Bx-sensor orientation method of primary field desensitization was selected for 

investigation and both single and multi-channel Bx-sensor planar arrays would be 

designed, constructed and evaluated.

5.3. Single channel Bx sensor system

53.1. The Bx sensor

The sensitivity of the detection coil to a primary magnetic field may be reduced by 

aligning the coil along the magnetic streamlines of that primary field such that no net 

flux passes through the coil. Yu and Peyton [136] described a system utilising this 

principle but the particular annular array geometry they adopted allowed insensitiviry to 

the primary field only for the two sensor coils adjacent to the excitation coil. The 

principle however may be extended to allow a reduction in the sensitivity of the sensors 

to the primary field, for any combination of excitation coil and sensor coil, if all the 

coils are placed on a common plane.

Figure 5-4 shows the cross section through an excitation coil placed on a plane 

represented by the dotted line. The magnetic field produced by the excitation coil will be 

normal to the plane at all points on the plane, i.e. it will contain only a component in the
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z-direction, Bz. If the detection coil is now placed with its axis oriented along the x- 
direction, no net flux will thread it and it will be completely insensitive to the primary 
field. This arrangement will be referred to as a Bx sensor.

detection coil

excitation coil 

Figure 5-4 Detection coil alignment for zero sensitivity to excitation field

It follows that for any number of excitation coils and detection coils placed on the same 
plane, in any location in the xy plane but with identical orientation to that shown in figure 
5.6, all of the detection coils should be insensitive to all of the excitation coils.

If a conductive object is placed above the xy plane then eddy currents will be induced 
within the object. The eddy currents will not however lie on the xy plane of the sensor 
coils, and the sensor coils should therefore be sensitive to them.

5.3.2. Design of a single channel MIT system employing a Bx sensor

An investigation of the measurement performance obtainable using the Bx sensor method 
was undertaken. A single channel system was constructed and measurements of phase 

noise, drift and signal linearity were made. Details of the system design, and of the results 
of measurements carried out with the system, were published previously in Watson et al 

[14], but they are again detailed below.

The apparatus consisted of a transmitter power amplifier (Figure 5-5) which was identical 
in design to that described in section 3.9.3, except with the crystal oscillator module 

removed. The excitation signal was derived instead from a signal generator (Marconi 

2022C). The power amplifier operated over the range 1 to 10MHz and drove 50 - 100mA 
into a 6 turn, 5cm diameter excitation coil. The excitation coil, and a single turn reference
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coil, were wrapped on the same former and rigidly fixed to an aluminium base plate as 
shown in Figure 5-6. Both coils were shielded by a screen constructed from copper 
shielding tape (ChoFoil, Chomerics) which surrounded the coils and was also connected 
to the base plate which was grounded. The foil was arranged with gaps however to 
ensure that no conductive paths existed for eddy currents.

+5V

Signal 
Generator

1 -10MHz
:
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Figure 5-5 Excitation system

The detection coil was a lOjaH surface mount chip inductor (IND2512, ECM 
Electronics, West Sussex, UK). This was a ferrite-cored solenoid, 7mm long and with a 
3mm square cross-section, which was selected since it provided a readily available 
miniature solenoid with suitable sensitivity and resonant characteristics for use over the 
frequency range 1 - 10MHz.

The detection coil was placed on a moveable platform (Figure 5-6), constructed from a 
rigid rectangular cross-section plastic rod held in place above the base-plate by two 
adjustable threaded plastic pillars. The sensor could therefore be adjusted in both height 
and orientation for minimum sensitivity to the primary field before acquiring 
measurements. The distance from the sensor coil to the axis of the excitation coil was 
6cm. A Perspex platform for supporting the sample was fixed with its upper surface a 

height h above the centre of the excitation coil.
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sample platform

sensor 
platform

sensor coil
^4

Son

excitation coil

reference 
coil

Aluminium 
base plate

Figure 5-6 Coil and measurement platform arrangement. The position x=0 was defined as the axis
of the excitation coil

The detector circuits used were identical to the circuits used in the Cardiff Mkl system 
described in chapter 4. As for that system, the reference and detected signals underwent 
downconversion to 10kHz and both were then passed to a SR830 digital lock-in 
amplifier (Stanford Research Systems) for measurement of the real and imaginary 
components of the received signal, Re(V) and Im(V), with the phase measured relative 
to the reference signal. The local oscillator signal for frequency downconversion was 
supplied by a second Marconi 2022C signal generator. The resonant behaviour of the 

10uH coil was measured and resonance was found to occur at 14MHz with this set-up.

5.3.3. Sensor alignment and the measured signal

The detection coil was first oriented with its axis directed along the z-direction (figure 
5.7) in order to measure the primary field Bz. The lock-in amplifier's reference was then 

'auto-zeroed' such that the arbitrary phase offset between the detected signal and 

reference channel was compensated for. In this case and the reading on the lock-in 
amplifier produced by the primary field was all in the real component. This then defined 

the phase of the reference signal for subsequent measurements.

The sensor was then turned through 90° to face along the x-direction, which will be 

termed the Bx orientation. The height of the platform was then adjusted to investigate the 

influence of detection coil position on the detected signal. The objective here was to 
determine the extent of nulling which could be achieved with this arrangement. This was 

done by making small adjustments to the height of the sensor platform and recording the
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real and imaginary components of the signal. The optimal null was considered to be the 
sensor position which minimised the received signal amplitude V (Figure 5-1).

Figure 5-7 shows the signals measured, with the detection coil in the Bx orientation, as it was 
moved in the z-direction in order to obtain the optimal null. As expected, the real component 

can be seen to pass through zero and then change sign but a perfect null in the total signal 
could not be obtained due to the presence of a residual imaginary part, equal to ImV at z=0. 
Theoretically, the imaginary component should be zero with no sample present
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Figure 5-7 Real and Imaginary signal components with sensor vertical displacement

In Figure 5-7, z=0 corresponds to a position closer to the aluminium baseplate. The 
sensor was displaced upwards and away from the plate. The imaginary component 
therefore decreases with increasing distance from the metal baseplate.

It is possible that the residual signal may be a product of eddy currents generated within the 
base plate. This interpretation was strengthened by the observation that, after cutting a series 
of 1mm wide slots across 90% of the width of the baseplate to reduce potential eddy current 
paths below the excitation coil, the residual signal was significantly reduced in amplitude. 

The metal plate used was found to be effective, as for the shield in the Cardiff Mkl MIT 
system, to be effective in minimising capacitive coupling. An E-field shield with reduced 

eddy current paths in comparison to a solid metal plate, by cutting slots in the plate for 

instance, should improve the nulling characteristics of planar systems however.
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The results of measurements carried out with the single channel system suggest that the 
signal due to the primary excitation field can be reduced on average by a factor of 
approximately 300 by the sensor geometry over the operating frequency range 1 - 10MHz.

5.3.4. Noise and drift performance of Bx sensor

Measurement of the noise and drift, using the definitions described in section 3.3.6, were 
carried out with:

(i) a ferrite-cored sensor oriented with its axis facing in the z-direction (figure 
5.7) such that it retains sensitivity to the primary field. This will be termed 
'Sensitive'.

(ii) a ferrite-cored sensor in the Bx orientation. This will be termed 'Desensitized'.

(iii) the ferrite-cored sensor replaced by a 2 turn 5cm diameter air-cored sensor 
positioned such that the sensor lies on the plane of the excitation coil and with 
the axes of the two coils separated by 6cm.

The noise in Im(V) (Figure 5-2) in each case was defined as the standard deviation over 
60 measurements of Im(V) over a 20s period. The drift was obtained by collecting 60 
measurements of Im(V) over a 30 minute period and calculating the maximum - 
minimum values. These procedures were repeated for each sensor arrangement using 
excitation frequencies of 1,2,3,4,6,8 and 10MHz. The lock-in filter time constant used for 
all measurements was 30ms and the same excitation and LO signal amplitudes were used 
in each measurement set.

To measure the baseline noise and drift of the system, the noise and drift were measured 
with the ferrite sensor in the compensated orientation, utilising the same procedures as 
described above, but with no signal applied to the transmitter power amplifier. Since no 
reference signal was produced by the system, the internal reference of the lock-in 
amplifier, set to 10kHz, was employed. The results of the noise and drift measurements, 
expressed as percentages of the signal amplitude V (Figure 5-1) measured in the 

uncompensated orientation, are shown in Table 5-1.
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Sensor arrangement

'Sensitive' ferrite-cored

Air cored

'Desensitized' ferrite-cored

Max. SD of 
Im(V)
0,084%

0.093%

0.0014%

Ave. SD 
of!m(V)
0.039%

0.031%

0.0009%

Max. Drift 
of!m(V)
1.376%

0.834%

0.016%

Ave. Drift 
OfIm(V)
0.401%

0.462%

0.009%

Table 5-1 Noise and Drift figures for three sensor arrangements investigated

The 'sensitive' ferrite-cored sensor and the air-cored coil produced similar figures for noise 
and drift. These figures were also very similar (Im(AV/V) ~ 0.03%) to those obtained with 
the Cardiff Mkl MIT system which employed identical circuitry. The desensitized ferrite- 
cored sensor however displayed a very substantial reduction in both the noise and drift 
figures. Relative to the 'sensitive' ferrite-cored sensor, the noise was reduced by a factor of 
43 while the drift by a factor of 51 over the frequency range 1-10MHz.

The maximum noise (SD=0.0014%) was observed to occur at the lowest frequency, 
1MHz, and fell with frequency to a minimum (SD=0.0006%) at 10MHz. The drift was an 
overall maximum (0.016%) at 6MHz and minimum (0.005%) at 2MHz; it showed no 
simple frequency dependence and exhibited other secondary maxima and minima.

The average noise and drift, over l-10MHz, for the desensitized ferrite-cored sensor 
measurements were 0.0009% and 0.009% respectively, hi comparison, the average noise 
and drift with no signal applied to the transmitter power amplifier were 0.001% and 
0.0045% respectively.

The use of primary field desensitization can be seen to be very effective in reducing both 
noise and drift in the imaginary component of the signal. This suggests that, at least for 
this system, variable phase errors between the detected and reference signal appear to 
dominate over voltage noise in the circuits or noise from external sources.

The average factor by which the primary field sensitivity was reduced was 300, but this was 
not reflected in a 300-fold decrease in noise and drift. At 8MHz the signal output from the 
system with the coil in the uncompensated orientation was ~50mVpp. The noise figure 
achieved for the Bx sensor, 0.0009% then suggests a total output noise of- 500nV. Taking 
into account the effective noise bandwidth of the lock-in amplifier (8Hz for 30ms time 
constant and 12dB/octave filter slope) and the gain of the detector circuits (A=10), this

242



Chapter 5 A planar array MIT system using primary field desensitization

would imply that the input voltage noise is ~ 10-15nV/VHz. This is of the same order as that 
expected from the components used in the circuits and it may be that, with the use of the Bx 
sensors, voltage noise in the circuits has become the main limit to measurement precision.

5.3.5. Sensitivity distributions obtained using Bx sensors

The higher measurement precision provided by the use of Bx sensors is only of use if the 
system's sensitivity distribution is not greatly reduced hi magnitude, or limited in 
penetration, by the use of such sensors in comparison to alternative non-primary field 
compensated coil geometries.

Measurements of the sensitivity distributions obtained with sensors with compensated 
and uncompensated orientations were therefore carried out. Profiles of sensitivity were 
measured with a 250ml bottle of ISm-l saline (diameter 6cm, height 10cm) placed on 
the sample platform (Figure 5-6) and scanned in the x-direction with the height of the 
base of the bottle set at h= 1.5cm and 3.5cm. A single excitation frequency of 8MHz 
was used. The measurements were also simulated numerically using the finite difference 
forward solver described by [64]. The sensor coil in the simulation was represented as a 
single turn circular air-cored coil of radius 0.25cm.

Figure 5-8 shows measured and simulated sensitivity profiles obtained with a 
compensated ferrite-cored sensor with the sample scanned at two different heights above 
the coil. The simulated curves were scaled so that then- peak values were the same as 
those measured. The estimated error on the measurements was 0.005mV. The position 
x=0 corresponds to when the sample was positioned directly above the excitation coil. 
Reasonable agreement between the simulations and the measurements was obtained, the 
discrepancies possibly resulting from small uncertainties in geometry.
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Figure 5-8 Measured (solid line) and simulated (broken line) sensitivity profiles for the 
compensated sensor at two different heights, h=1.5cm and h=3.5cm above the coil

For the uncompensated orientation, simulated sensitivity profiles are shown in Figure 5-9. 

The measured profiles could not be obtained due to the high noise level in the signal.
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Figure 5-9 Simulated sensitivity profiles for the uncompensated sensor for two distances of the
sample above the coils

As a measure of the information contained in the curves, the r.m.s. sensitivity values were 

calculated and are shown in Table 5-2.

Compensated

Uncompensated

h=1.5cm

0.1 3mV

0.21mV

h=3.5cm
0.06mV

0.02mV

Table 5-2 r.m.s. sensitivity values for the simulated results

The results of simulations show that for this particular excitation coil arrangement, the 

compensated sensor displayed an r.m.s. sensitivity approximately half that of the 

uncompensated sensor for the sample used at a separation height h= 1.5cm. However, at a
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separation height h=3.5cm, the situation was reversed with the compensated sensor 
displaying approximately three times greater r.m.s. sensitivity than the uncompensated 
sensor. Further measurements carried out have confirmed this general behaviour. For the 
6cm diameter sample bottle used it was noted that the r.m.s. sensitivity of the 
compensated sensor remained greater than that of the uncompensated sensor to at least 
h=8cm above the excitation - sensor plane. These observations suggest that primary field 
desensitization by sensor alignment does not lead to deterioration of system sensitivity in 
comparison to uncompensated sensor planar arrays.

5.4. A planar array MIT system employing Bx sensors 

5.4.1. Design of the planar array system

A planar array employing Bx sensors was designed and constructed and a schematic 
diagram and photograph of the system is shown in Figure 5-10. A series of simulations, 
performance measurements and image reconstructions of samples were carried out with 
the system. Full details of the design of this system is provided in Igney et al [15], and of 
the simulations and reconstruction algorithms employed in Watson et al [137]. A brief 
summary however will be given here of the design and performance of the system.

The planar-array MIT system was comprised of 4 printed excitation coils of 4 turns which are 
shielded, 8 surface-mount inductors, of inductance lOuH, mounted such that in principle no 
primary-field flux threads them, and a single-turn reference coil to allow the determination of 
real and imaginary components relative to the primary field (Figure 5-13a). The excitation 
circuit employed was identical to used in the LO distribution system of the Cardiff MK1 
(Figure 4-10) which produced an excitation current with a maximum value of 300mA rms. 
This was multiplexed via relays to drive the excitation and reference coils sequentially. The 
spiral excitation coils (outside diameter 5cm) and surface-mount detection coils (4mm square 
cross section) were aligned in two rows with a separation of 8cm.

As for the Cardiff Mkl MIT system described in chapter 4, this system employed frequency 
downconversion with two signal generators used, one for the excitation signal and one for 
the LO signal. The operating frequency could be varied from 1- 8MHz with the detected
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signal downconverted to 10kHz. An SR830 (Stanford Research Systems) was used as the 
measurement system. The reference signal in this case was derived from a current detecting 

resistor of 2Q placed between the excitation power amplifier and the excitation multiplexer, 

which was composed of 4 relays. Eight separate detector buffer amplifiers (THS4275) and 
mixers (TUF-3, Minicircuits) were employed for each detector coil and the signals were 
downconverted before multiplexing and distribution to the lock-in amplifier.

£1 
o!

Oiinc........^...
si 
Si 
o!

1 Lm5 , 10 mm 

40 mm

40 mm
SO mm

Excitation Excitation 
power amp multiplexer

(a)

EXC coils

Figure 5-10 (a) the coil array showing the four excitation coils Le2 - Le5, the reference excitation coil 
Lr and the 8 Bx detection sensors Lmi - L^, (b) photograph of system

247



Chapter 5 A planar array MIT system using primary field desensitization

5.4.2. Reference measurements in a primary field desensitized system

To determine the arbitrary phase shifts existing between the reference channel and each 

of the detector channels the method employed with the Cardiff Mkl system could not be 

used. With a system employing PFD there should be a very small residual, or zero, 

signal from the detector coils when no sample is in place since they have been adjusted 

for close to zero sensitivity to the primary field. Since the signal has been nulled, the 

phase cannot be measured. A different method of acquiring a reference measurement 

data set to determine the arbitrary phase offsets between reference signal and detector 

signals is therefore required.

Several techniques were considered. These included:

(i) Using a copper sheet placed above the coil array. Here the idea is that the 

copper sheet will generate a strong secondary field which, because of 

copper's very high conductivity, will be almost exactly 180° out of phase 

with the primary. The outcome then is to strongly distort the shape and 

magnitude of the primary field such that array is no longer nulled, but not to 

change the relative phase between the primary field and the reference signal 

acquired from the excitation coil.

(ii) Using a moderately strong saline sample. A saline sample with dimensions 

such that it completely covers the array is placed above, and as close as 

possible, to the coil array. If the saline sample is of a moderate conductivity, of 

the order ~ 0.5 - ISm-l, then the assumption is that the secondary field signal 

generated by the sample will have a much larger component in the imaginary 

part (due to conductivity) than in the real part (due to permittivity). The 

reference set collected will be 90°, plus each channels arbitrary phase offset, 

out of phase with the primary field.

(in) Using aferrite sample. A ferrite rod is placed above, and as close as possible, 

to the detector coils. In this case the ferrite is assumed to distort the shape of 

the primary field but not to change its phase. The signal in the detectors will 

therefore no longer be nulled and it the reference set may be collected.
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(iv) A reference excitation coil is used. The reference excitation coil is a long 

narrow coil placed directly in front of all of the detectors oriented such that 

the detector will be sensitive to the flux from it. The excitation signal is 

switched to this coil and it is assumed to induce an identical signal in all of 

the detector coils. The phase offsets may now be recorded.

Methods (i) and (iv) were investigated and described by Igney et al [15] in which they 

found that the real part of the signal was approximately constant for saline samples of 

varying conductivity, suggesting that both methods worked to a reasonable 

approximation. A systematic difference of approximately 5° was found between the 

results obtained using the two methods.

5.4.3. The measurement performance of the planar array

The factor by which the primary field could be nulled in the single channel system, by 

300, could not be replicated in the multi-channel system. It may be that it is simply 

more difficult to null multiple combinations coils or it may be due to the increased 

complexity of the multi-channel system which leads to the potential for increased cross- 

channel coupling via the coils directly or through the signal multiplexer and distribution 

networks. The planar array system however did reduce the primary field sensitivity by 

factors ranging from 50 for channel combinations in which the excitation and detection 

coils were closest, to just 4 for those channel combinations in which the excitation and 

detection coils were furthest.

The noise and drift in the imaginary component of the detected signals was reduced in 

comparison to sensors oriented for maximum sensitivity, but only by a factor of 3. This 

was much lower than the improvement found with the single channel Bx system which 

provided a 40-fold improvement in noise. Somewhat larger improvements in noise and 

drift, of factors of 14 and 27 respectively were obtained for measurements of the real 

component. Again the implementation of a multi-channel system appears to have 

reduced the potential measurement precision in comparison to a single channel system. 

A series of measurements were carried out with a cuboid phantom of dimensions 20 cm 

x 20 cm x 10 cm filled with saline of 0.3 Snf1 . The system provided a SNR of 

30-50dB over the frequency range 1-8 MHz respectively.
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5.4.4. Imaging with the planar array system

A description of image reconstructions using simulated data of, and measurements 

carried out with, the planar array system were given in Watson et al [137] and Igney et 

al [15] respectively.

For the study using simulated data, two types of reconstructions were carried out; (i) 

absolute imaging relative to free space and (ii) difference imaging relative to a 

conductive background. The sensitivity matrices used in each case were computed using 

the quasi-static finite-difference forward modeller of Morris et al [64]. The reconstruction 

algorithm was a single-step linearised solution using Tikhonov regularisation. Full details of 

the image reconstruction algorithm are given in Watson et al [137].

layer

20cm

Scan
start scan direction end scan 

array array

Figure 5-llArray scan geometry for single plane array

For case (i) the data used for image reconstruction was simulated using a 2 cm cube of 

1 Sm""1 in a free space background and a free-space background sensitivity matrix was 

computed using a perturbation method with the image voxels perturbed from OSm" to 

ISm"1 . For case (ii) the data was simulated using a 2 cm cube of 1.1 Sm"1 in a tank of 

background conductivity ISm-l and a conductive background sensitivity matrix was 

computed again using a perturbation method with the image voxels this time perturbed from 

ISm"1 to l.ISm"1 . The modelled volume in this case was a tank of x, y and z dimensions, 

20 cm, 20 cm and 10 cm respectively (Figure 5-11). The volume was split into 40 x 40 x 

20 subvoxels for computing the eddy-current density. For calculation of the sensitivity 

matrix, the volume was divided into 10 x 10 x 5 image voxels, each composed of 4 x 4 x 4 

subvoxels (i.e. five layers for the purposes of imaging).
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To increase the number of independent measurements available, the coil arrays were 
translated in 21 steps of 1 cm in the x-direction to provide 32 x 21 = 672 measurements. 
The ability to mechanically scan MIT arrays due to their non-contact nature is one 
potential advantage of the technique and it was of interest to observe the images 
reconstructed using a reasonably large number of measurements.

The results of the reconstructions using a free-space sensitivity matrix are shown in 
Figure 5-12 (a)-(j). Images (a)-(e) show the reconstructed images produced as the 
sample was placed at varying heights above the array at positions z = -4, -2, 0, 2 and 4 
respectively, with x = 0 and y = 0 for all five simulations (axes as shown in Figure 
5-llFigure 5-13). No noise was added to the simulated data in these reconstructions. 
Images (f )-( j) were reconstructed from the same simulated data sets as (a)-(e) 
respectively, but with 30dB (relative to the maximum signal obtained with the sample 
placed in layer 3) of Gaussian noise added to the data.

No tJoise added Now added
Side view .La1

Figure 5-12 Reconstructed images using free space sensitivity matrix and the Bx sensor planar
array

Images (a) - (e) are effectively 'inverse crimes' in that identical meshes were employed 
for the computation of the sensitivity matrix and for the simulated data, and no noise 
was added. It is no surprise then that the image reconstructions were good. Images (f) - 
(j) are more interesting as they show the likely image reconstruction characteristics of a 
real planar array system with limited SNR. Two major image artefacts can now be seen. 
The images become blurred and spread out on the xy plane. They also however are
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spread out in the z-direction and appears to be displaced heavily towards the coil array. 

Image distortion of this nature is also found in annular arrays. Zadehkoochak et al 

[138] associated similar compression of images in annular BIT arrays with the higher 

weighting of smaller singular value basis images close to the arrays.

Figure 5-13 A two plane Bx sensor array mechanically scanned in the x-direction

Poor image localisation in the z-direction may be addressed to some extent by using a 

coil array consisting of two or more planes such as the arrangement shown in Figure 

5-13. The resulting images produced with identical sample locations and added noise to 

the single plane results shown in Figure 5-12, are displayed in Figure 5-14.

Sidevk-w Layer I Layer! Layer 3 Layw4 Layer5 Layer 1 Layer2 Layer3 Laj«r4 Layer5

(8) (b) (0 (d) («) (f) «§) <•> <J)

Figure 5-14 Reconstructed images using a free space sensitivity matrix with a two plane Bx sensor
array
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The use of a 'sandwich' arrangement of two planar arrays can be seen to result in 

improved localisation hi the z-direction although there is still an apparent lack of 

sensitivity in volumes mid-way between the coil arrays.

5.5. Discussion on primary field desensitization

Primary field desensitization, either through the use of gradiometers or orientation of 

the sensors, is an effective technique for reducing phase noise and drift in MIT systems. 

In biomedical applications such as the detection of oedema in the brain [139] or 

detection and classification of cerebral stroke, the signals which must be detected are 

very small and very high signal measurement precision will be required.

Zolghami et al [140] simulated cerebral haemorrhages of varying locations and sizes using a 

realistic finite element model of the human brain and the Cardiff Mkl coil array. They 

concluded that, at 10MHz, an MIT system with a phase measurement precision of ~10m° 

could readily detect the signals from large (~50cm3) peripheral strokes. To detect smaller 

(~8cm3) haemorrhages however a measurement precision of the order of lm° is needed.

The optimal operating frequency range for different biomedical applications may also 

be significantly lower than the 10MHz excitation frequency employed in the Cardiff 

Mkl system. The characteristic frequencies associated with the p-dispersion for many 

biological tissues are typically in the range 10 kHz to 2 MHz. Sufficient contrast in the 

electrical impedance between normal and abnormal tissue states, due to oedema, 

ischaemia or necrosis for instance, may therefore only be available within this 

frequency range. Since the amplitude of the secondary signal hi MIT is proportional to 

f2, operation at lower frequencies will demand systems with even higher measurement 

precision and stability.

The level of precision required for these applications will be over an order of magnitude 

higher than that of the Cardiff Mkl system. To achieve the required increase in 

performance a number of techniques may be employed in MIT system design and the 

use of gradiometers and Bx sensors is one such method which may be effective.
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The comparative advantages and disadvantages of gradiometers versus orientation 
methods are likely to depend on the circumstances of the application. Scharfetter et al 
[141] commented that gradiometers provide greater immunity to distant external noise 
sources in comparison to Bx sensors which are likely to require effective 
electromagnetic screening to match the noise performance of gradiometers. An 
electromagnetic screen, as employed in the Cardiff Mkl system, may be sufficient 
however to limit both capacitive coupling and external interference. The small 
dimensions and simpler design of the Bx sensors employed here may provide 
advantages as regards thermally/mechanically induced drift in comparison to the 
gradiometers. The two methods can be combined to produce 'double' primary field 
compensation, in which a gradiometer can also be aligned for zero sensitivity to the 
primary field, as was suggested by Scharfetter etal[\4l].

Primary field desensitization using gradiometers and field orientation methods also 
bring potential disadvantages however. A major issue is that such methods place 
restrictions on suitable coil array geometries. There are a limited number of geometries 
in which a particular detection coil may be insensitive to all of the excitation coils in a 
multi-channel system for instance. Single plane annular arrays and single plane planar 
arrays are certainly possible with a fully primary field desensitized coil array. Multiple 
plane arrays and more complex geometries such as hemispherical arrays are with all the 
coils primary field desensitized are difficult to envisage.

hi gradiometer and Bx sensor-based systems the reduction in the requirements for phase 
stability in the systems electronic systems has been achieved at the cost of relying on 
very high mechanical stability of the coil array. Scharfetter et al [105] reported that a 
major source of noise within their Graz Mk2 system was the movement of the coils with 
respect to each other. The gradiometers employed were in particular reported to be very 
sensitive to lateral shifts in the primary magnetic field. An issue which should be 
investigated further therefore is the mechanical stability of arrays of gradiometers and 
Bx sensors and its impact on measurement precision in practical MIT systems.

There are however alternative approaches to achieving high precision biomedical MIT 
systems which do not rely on primary field desensitization, and these will be discussed 

in chapter 6.
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5.6. Summary

In tin's chapter the principle of primary field desensitization of detector coils as a means 
of improving the measurement precision of MIT systems was discussed. Two MIT 
systems were designed, constructed and used in measurements to investigate the 
measurement precision of systems employing this method.

A method of orientating the detector coils to desensitize them to the primary field in a way 
suitable for use in a planar array MIT system was introduced in section 5.2. A single 
channel system, described hi section 5.3, was then designed and constructed to assess this 
specific technique as regards the achievable measurement precision, in comparison to the 
performance of the same system without primary field desensitization of its detector coil. 
The results showed that measurement noise was reduced on average by a factor of 43 and 
the drift by a factor of 51, over the operating frequency range 1 - 10MHz, through the use 
of primary field desensitization. This very significant reduction was thought due to the 
removal of phase errors introduced by noise and drift of the reference signal. With the 
removal of this source of error, the residual measurement noise was then of the order of that 
expected if due to the voltage noise introduced by the detection circuit. Primary field 
desensitization is therefore an effective means of reducing the impact of phase errors 
introduced by errors in the measurement of the reference signal. This results of this work 
were published in Watson et al [14] and the positive outcome obtained subsequently led to 
the development of a multi-channel planar array MIT system using this method of primary 
field desensitization.

The design and performance of the multi-channel planar array MTT system was described in 
section 5.4. The system comprised 4 excitation coils of 4 turns and 8 surface-mount inductors 
as detection sensors. The detector coils were orientated to provide primary field 
desensitization as for the single channel system described above. The system provided a SNR 
of 30-50dB over the frequency range 1-8 MHz respectively when a 0.3 Sm" 1 saline filled 
tank of dimensions 20 cm x 20 cm x 10 cm was placed centrally over the array. Details of the 
design and performance of the system were published by Igney at al [15] and a simulation 
study of the system, and a variant of the design employing two planes of sensors to improve 
the image reconstruction characteristics, were published in Watson etal[\ 6]
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Finally, the practical disadvantages of primary field desensitization using gradiometers 
and field orientation methods were discussed. Two specific disadvantages were 
identified. First the possible coil array geometries for primary field desensitized arrays 
are restricted since the number of geometries in which a particular detection coil may be 
insensitive to all of the excitation coils in a multi-channel system is limited. Secondly 
the method relies on very high mechanical stability of the coil array and gradiometers in 
particular may be prone to low frequency mechanically induced noise.
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6. LCOMIT: the Cardiff Mk2 MIT 

system
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6.1. Introduction

The main topic of this chapter is the hardware development work carried out to date 
during the Engineering and Physical Sciences Research Council funded project entitled 
Imaging low-conductivity materials in Magnetic Induction Tomography (LCOMIT). 
This project is a collaboration between three academic partners - the Universities of 
Glamorgan, Swansea and Manchester - and several industrial collaborators including 
Philips Medical Systems and Pilkington. The aims and objectives of the project, which 
runs from the end of 2006 to mid-2010, are discussed in detail in section 6.2. They may 
be summarised however as the development of 2nd generation MIT systems targeted 
towards three main applications, one medical and two industrial. The medical 
application is the detection and monitoring of cerebral stroke. The industrial 
applications are (i) the monitoring of glass production processes and (ii) measurement 
of the seawater fraction in multiphase flow hi pipelines.

One of the major objectives of the LCOMIT project is the development of a new MIT 
system, the Cardiff Mk2 MIT system, providing the capability of spectroscopic data 
acquisition and measurement precision an order of magnitude higher than that available 
in the Cardiff Mkl (of the order of- lm°, in comparison to the 17m° provided by the 
Mkl system). The target specifications for this system are listed hi section 6.2.4. A 
discussion of the influence of MIT systems developed subsequently to the Cardiff Mkl 
system on these specifications is given in 6.2.5 .

The development of MIT system hardware for the LCOMIT project has been carried out 
primarily by the author, but some aspects of the work have involved collaboration with 
Dr Christos Ktistis, a research fellow in the University of Manchester, Dr Ralf Patz a 
principal lecturer and currently head of the Medical Electronics and Signal Processing 
Research Unit at the University of Glamorgan, and two PhD students at the University 
of Glamorgan - Mr Hoe Cher Wee and Dr Maimaitijiang Yasheng. The contributions of 
these collaborators to the work in the subsequent sections of this chapter will be 

acknowledged.
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Since the construction of the Cardiff Mkl system (in 2002), described in detail in 

chapters 3 and 4, and the planar array design (in 2004) described in chapter 5, at least 

three new MIT systems for biomedical application have been constructed. These are the 
Graz Mk2 MIT system, the Philips MIT system and the Aachen MUSIMITOS system. A 

brief review of the design and characteristics of these systems has been given in section 
2.5. Their influence on the design of the Cardiff MK2 system is discussed in 6.2.5.

To achieve spectroscopic data acquisition and greatly improved signal measurement 

precision, three different signal measurement systems have been investigated and 
developed for the LCOMIT project during the period 2007 - 2008. These systems are: (i) 

a fast, inexpensive but high phase stability phase sensitive detection scheme termed a 
'vector chopper', (ii) a direct digitiser system employing FFT-based signal measurement 

system implemented with a commercial multi-channel digitiser and (iii) a custom- 
designed fast direct digitiser system based on a field programmable gate array (FPGA). 

In section 6.3 details of the design of each of these signal measurement systems is 
provided and the results of measurements obtained from them given where available.

High phase precision MIT systems require not only high precision signal measurement 
systems, but also highly phase stable signal amplification and distribution systems. In 

section 6.4 three novel methods for achieving high phase stability in these systems, 
without the need for the use of primary field desensitization, are described. These 
methods are (i) high phase stability amplifier designs, (ii) active / passive reference 

networks for phase tracking and (iii) a temperature compensation scheme.

The construction of the Cardiff Mk2 system began at the end of 2008, and development 

of the system is, at the time of writing, ongoing. Some preliminary results have however 
been obtained from this system and these will be presented and discussed in section 6.5. 

The results show that the system meets the target specifications as regards measurement 
precision over the specified operating frequency range. Further development of the 

system is continiung however, in particular to reduce data acquisition times, and the 

likely routes of these further developments will be discussed.
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6.2. The LCOMIT project

6.2.1. Background

The Imaging low-conductivity materials in Magnetic Induction Tomography (LCOMIT) 

project consortium comprises three academic partners - the Universities of Glamorgan, 

Swansea and Manchester - and industrial collaborators including Philips Medical 

Systems, Pilkington, Polytec R&D Foundation and NIS Ltd. The aim of the project is 

to address the fundamental theoretical and practical problems of making Magnetic 

Induction Tomography operate reliably with low-conductivity materials (i.e. materials 

with electrical conductivity of <10 S m" 1 ).

Between 1999-2003, the South Wales MIT group (consisting of researchers mom the 

Universities of Glamorgan, Cardiff and Swansea) were funded by the Engineering and 

Physical Sciences Research Council (EPSRC) to develop a working MIT imaging system 

for biological tissues in the project Magnetic Induction Tomography for Biological Tissues 

(grant references GR/M45505, GR/M48161, GR/M47898). The project studied the phase 

precision required for accurate imaging [64] through numerical modelling, and the phase 

shifts caused by wave propagation delays by analytical means [142]. The hardware 

development for this project resulted in the Cardiff Mkl MIT system, which is documented 

in chapters 3 and 4 of this thesis and in a series of papers by Watson etal[\0, 12, 13]. The 

group carried out further investigations into biomedical MIT during the period 2004-2006, 

including the planar array MIT system work described in chapter 5 of this thesis was carried 

out, and these studies resulted in further publications [5,14-16,108].

During the same period, 1999-2006, members of the University of Manchester MIT 

group carried out investigations into industrial applications of MIT both in the metals 

industry [143, 144], and in human body composition [128, 145]. The group were 

funded by the EPSRC for investigations of the application of MIT in the metals 

industry in the projects EM systems for monitoring and imaging hot transformation of 

steel on line (GR/M89461) and EM techniques for tomographically imaging molten 

metal (GR/R64285). In the project Intelligent EM system monitoring human body 

composition (with 5 European partners, IST-2000-25410) members of the group 

investigated how to make accurate and routine measurements of human body
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composition. The major outcome of the project was the "BodyLife Scanner", a 8- 

channel annular array MIT system, operating at 1 MHz, which was translated along 

the body to take cross-sections at different levels, in conjunction with a laser scanning 

system for independently determining the shape of the skin surface and its location 
relative to the MIT array [128, 145].

At the end of 2006, the South Wales and Manchester MIT groups began collaboration on 

the LCOMIT project. The project was aimed at building upon the previous work of both 
groups in industrial and medical applications, to combine their expertise, and to extend MIT 
image reconstruction algorithms and hardware systems closer towards application in 
industry and medicine.

6.2.2. Target applications

Three main target applications were selected for the LCOMIT project. These were (i) 

the detection and monitoring of cerebral stroke, (ii) the monitoring of oil/gas/water 
mixtures within pipelines and (iii) the monitoring of glass production processes.

The suitability of MIT for the detection and monitoring of cerebral stroke has been 
discussed in detail in section 2.3.7.3 of this thesis. The results obtained with the Cardiff 
Mkl MIT system for a simulated haemorrhage in a phantom, published in Griffiths [5] 
and described in section 4.11.6.3 of this thesis, were encouraging. The simulated 
haemorrhage could clearly be identified in both absolute and difference images, albeit 
with relatively low spatial resolution. Cerebral haemorrhage was therefore identified as 

the main target medical application for LCOMIT. The development of a MIT system 
dedicated to this application therefore formed a major component of the LCOMIT project, 

and modelling studies and hardware development would be carried out by the academic 

partners in collaboration with researchers from Philips Medical Systems. Prof. David. 

Holder of University College London, a medical expert on electrical impedance imaging 

of the brain would provide advice on clinical applications. The ultimate objective would 

be to produce a MIT system suitable for application in a clinical pilot study. A brief 

review of the two target industrial applications is given in section 2.3.8.
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6.2.3. LCOMIT programme of work

The LCOMIT project was split into 8 work packages carried out over a 36-month 

programme. These work packages were:

1. Electromagnetic simulation to optimise sensor geometry and sensitivity

2. Development of sensor system hardware and control software

3. Construction of a shape scanning device

4. Development of image reconstruction algorithms

5. Experimental validation on phantoms

6. Pilot study on flow and separation

7. Pilot study on glass production

8. In-vivo testing and follow-up proposal for clinical pilot study on stroke

Only work package 2, and specifically the development of sensor system hardware and 

the Cardiff MK2 MIT system in particular, will be discussed further within this chapter.

6.2.4. The Cardiff Mk2 MIT system: Design and performance 
specifications

The common conductivity range allows, in principle, the use of generic instrumentation 

for the three target applications. The first system to be developed within the project, the 

Cardiff Mk2 system, would therefore act as a development platform to test methods and 

hardware designs which could be applied in further systems which would be designed 

specifically for each target application.

The results obtained from measurements using the Cardiff Mkl system gave clear 

indications of how the performance could be improved in terms of signal-to-noise ratio, 

drift and acquisition speed. For the Cardiff Mk2 system, it was intended that the 

existing strategy of using 16 coil modules, switchable between exciter and detector 

modes, would be retained but the new system will be fully synchronous, with the
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existing 16 oscillators replaced by a single master oscillator, hi the detector amplifiers, 

the components would be replaced by amplifier designs which provided significant 

improvements in noise and phase stability through the use if the latest generation of 

high-speed amplifiers. The use of a commercial lock-in amplifier in the Cardiff Mkl 

system was a convenient off-the-shelf solution but severly limited the acquisition speed, 

partly through the need to 'acquire lock' (section 4.8), but also through the sequential 

nature of the measurements. This would be replaced by custom-designed modules 

allowing parallel measurement.

The transmitter and heterodyne signals would be generated by direct digital synthesisers 

(DDS) with a clock derived from the master oscillator to minimise variations in the 

frequency of the downconverted signal and the resulting phase drift of the measured 

signal. The operating frequency would remain at 10 MHz for the saline-sensing 

application. The use of DDS devices however would make multi-frequency operation 

relatively simple, and operation over 100 kHz to 10 MHz would be made available for 

the biomedical application, and 1 kHz to 1 MHz for glass production. The only part of 

the system that could not be generic is the coil array. Its diameter and the design of the 

coils themselves (e.g. gradiometer/single coil, dimensions, number of turns) would be 

optimised for each application. The Cardiff Mk2 system, which would be the first MIT 

array produced within the project, would consist of an annular array of approximately 

16 excitor and detector channels.

The target specifications of the proposed Cardiff Mk2 MIT system, hi comparison to the 

measured performance of the Cardiff Mkl system are shown in Table 6-1.

Specifications
Channel
Phase noise*
Phase drift"
Amplitude precision*"
Measurement cycle,. **** time

Cardiff Mkl system
16 excitor, 16 detector

0.017°
0.50°
0.04%

90 seconds

Cardiff Mkl system
-16 excitor, -16 detector

-0.001°
-0.05°
0.01%

<60 seconds

* phase noise for 100ms data aquisition time (per channel, per measurement) 
** phase drift over extended period ( 1 hr) for all channels 
*** amplitude precision for 1 00ms data acquisition time (per channel, per measurement) 
**** full time to acquire 240 measurements to quoted precision

Table 6-1 Target specifications for the proposed Cardiff Mkl system in comparison to the 
measured performance of the Cardiff Mkl system
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It was not clear exactly what performance specifications would actually be required for 
each application and a major objective of LCOMIT was to determine these through 
extensive modelling studies. The target performance specifications selected for the 
Cardiff Mk2 - representing a 10-fold improvement in noise and drift for similar data 
acquisition times - were therefore based on an estimate of the likely achievable 
improvement in performance over the Cardiff Mkl system through the use of the 
superior components and instrumentation which had become available since 2002, the 
date of the construction of the Mkl system.

6.2.5. Previous MIT systems: influence on Cardiff Mk2 design

As regards the design of the Cardiff Mk2 system, the Graz Mk2 and Philips MIT 
systems, described in section 2.5, are the most relevant of the systems described above 
since they are both new annular arrays designed for high measurement precision rather 
than for speed of data acquisition as is the case for the MUSIMITOS system.

The Philips MTT system is very similar in concept to the Moscow and Cardiff Mkl MIT 
systems. The main difference is in its use of a 16-channel parallel data acquisition and fully 
sychronous phase sensitive detection measurement system. Together these features should 
allow a system capable of providing significantly higher measurement precision than the 
Cardiff Mkl. This does not appear to be reflected as yet in the performance data of the system 
published to date. The use of downconversion appears to limit the system to sequential multi- 
fiequency excitation, although multi-tone downconversion may be possible.

The Graz Mk2 system also provides parallel data acquisition, in this case 8-channels at a time. 
The use of an FFT-based algorithm also however allows simultaneous multi-frequency 
operation with no increase in data acquisition times (other than that associated with the 
excitation signal power being divided between each exitation frequency). Furthermore, 
channel frequency encoding allows in principle very fast data frame acquisition since all 
excitation / detector channel combinations may be acquired simultaneously.

The data acquisition system employed by the Graz Mk2, a commercially available 8- 
channel digitiser (PXI-5101, National Instruments) capable of operating at 60MS/S 
provides a convenient off-the-shelf solution to providing a parallel, multi-frequency
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synchronous data acquisition. In a review carried out in 2007 by the author, the PXI- 

5105 device was found to provide the lowest cost / channel of any digitiser, with 

suitable performance, available at this time (~£300 per channel (2007)). The use of a 

FFT-based algorithm would allow fast multi-frequency measurements. It would also 

allow frequency encoding / simultaneous excitation channel operation to be 

investigated.

Given the above observations it was decided that the the data acquisition and 

measurement system would initially be based on the same device and method as 

employed by the Graz Mk2 system. A PXI-5105 digitiser would be acquired and tested 

as regards its amplitude and phase measurement precision at over the operating 

frequency range of the Cardiff Mk2 system (100kHz - 10MHz). If found to provide 

suitable measurement precision, two PXI-5105 digitisers would be acquired, allowing 

up to 16-channels to be captured simultaneously. The use of FFT-based signal 

measurement would enable simultaneous multi-frequency operation.

Direct digitisation followed by FFT-based phase measurement offers many advantages 

for multi-frequency operation. It was also however thought to be computationally 

expensive and potentially time consuming. If just single or dual frequency operation is 

required then downconversion may provide faster data acquisition rates. High frame 

rates, significantly higher than IHz, are likely to be required for some applications, for 

instance in multi-phase flow measurements. Two alternative routes to high frame rate 

MIT would therefore also be taken:

(i) A custom high speed digitiser based around a Field Programmable Gate Array 

(FPGA) device would be designed and developed which would be suitable for 

implementing a very fast, parallel, direct digitising measurement system.

(ii) Development of downconversion methods would also continue. Downconversion 

greatly reduces data digitisation and processing requirements in comparison to direct 

digitisation of the high frequency signal. The method would therefore be 

investigated for use in high frame rate MIT applications.
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6.3. LCOMIT: Measurement system development

6.3.1. Modulated local oscillator methods: 'vector chopper'

Perhaps the simplest approach to phase measurement is the use of analogue mixers as a 
phase detector as described in section 3.1.6. The output of the mixer is however a DC 
signal and the stability of the phase measurements can be seriously degraded by DC 
offset variations in the mixer and subsequent low pass filters and amplifiers. A method 
of removing the influence of DC offsets is to modulate or chop the local oscillator / 
reference signal such that the output of the mixer is a square wave. The signal may then 
be demodulated after amplification and filtering.

This method was proposed for MIT signal measurement by Gough [119] who 
implemented the scheme in a single channel MIT system. The system's phase noise was 
quoted as just 1.5m° for a 100ms time constant and the drift was ~10m° over a day, 
results which compare very favourably with the performance of the Moscow, Cardiff 
and Philips systems. The use of a modulated reference signal to improve the phase 
stability of RF signal measurements is a technique which has also been employed by at 
least one manufacturer of lock-in amplifiers [146].

One problem with this method for multi-channel implementation is that the reference 
signal must be adjusted to be in-quadrature to the received primary signal, and it is 
likely that this may need to be different for each channel due to variations in phase 
offsets of the coils, amplifiers, mixers e.t.c. of each channel, and the different path 
lengths the reference must travel to reach each channel. This may possibly be addressed 
by designing the system to minimise variations in the offsets. It is also possible however 
to overcome this problem by utilising quadrature modulation of the reference. Here the 
reference is modulated not just by 0° -180°, but also by 90°-270°, a scheme which may 
be easily implemented using direct digital synthesisers. This then turns the analogue 
phase detector into a vector voltmeter measurement system using just one mixer.

A single channel test circuit of this scheme was constructed and evaluated. A direct 
digital synthesizer, a module based around the Analog Devices AD9959 4-channel DOS 
i.c. (DDS-9m, Novatech) was used to generate the excitation and reference signals. The

266



Chapter 6 LCOMIT: the Cardiff Mk2 MIT system

reference signal was modulated by programming the module to switch the phase of its 

output from 0° - 180° at a rate of IkHz for a period of 20ms, then to switch the phase 

from 90°-270° at the same rate and for the same period to allow a measurement of the 

detected signal in-quadrature to the first.

AD9959 DDS

RF 
0-100mVpp

A08099

LO
Wpp
0°/180° chop® 1kHz
90°/270° chop® 1kHz

AD8056

TUF-1
Gain 10

10kHz 
LP filter

Figure 6-1 Block diagram of the quadrature modulator test circuit

The excitation signal was first passed through a 3 resistor voltage divider to produce a 
differential signal 1710th of the amplitude of the output at the DDS module. The 
differential signal was then passed to an AD8099 amplifier configured as a single op-amp 
differential amplifier with a gain of 15. The amplified signal was then sent to a mixer 
(TUF-1, Minicircuits) where it was mixed with the reference signal. The output of the 
mixer was amplified and filtered (gain of 10,1 st order 10kHz low-pass) and the signal was 

then passed to a 16-bit digitiser card (USB-6221, National Instruments) which sampled 
the signal at 200kHz. The signal was demodulated and the amplitude and phase of the 

signal computed from the amplitudes of the quadrature signal amplitudes.

The results of measurements, taken as the amplitude of the RF signal was varied, 

showed that the phase noise varied from 0.6 - 20 m° over the range 144mVpp - 

0.28mVpp input. If the input to the preamplifier was kept above 1 mVpp, a realistic 

minimum value for an MIT system, then the phase noise was < 6 m° for a 20ms time 

constant. The observed drift was ~ 20m° over 15 hours, while over any 1 hour period it
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did not exceed 8m°. The observed drift performance was most likely limited not by the 

mixer and measurement system, but by the pre-amplifier.

The quadrature modulator system described therefore appears to offer a simple and 

potentially fast method for single frequency, or sequential multi-frequency MIT. These 

systems should be precise, simple, inexpensive and low power and may be very suitable 

for small and/or portable systems.

6.3.2. Direct digisation system - the PXI-5105 digitiser

Direct digitisation here is defined as analog-digital conversion of the high frequency 

signal without downconversion to a lower frequency. The scheme was considered for 

the Cardiff MK1 system but was rejected at the early specification stage due to the lack 

of availability of suitable 'off-the-shelf multi-channel digitisers with sufficient 

bandwidth, precision and sampling rate.

A multi-channel digitiser was considered necessary since, if less than 16 channels were 

available, the signal would have to be multiplexed. The phase stability and cross- 

channel isolation of a HF multiplexed signal distribution system was a major concern. 

The signal distribution system would consist of (i) cables from the receiver to the 

multiplexer, (ii) a 16:N multiplexer where N was the number of available channels and 

(iii) a second set of cables from the multiplexer to the digitiser. Converting the signal 

from 10MHz to 10kHz as soon as possible and distributing at low frequency seemed, 

and may still be, the best choice for a HF MIT system.

Multi-channel digitisers with suitable performance have, however, become available at 

much lower cost per channel. Direct digitisation simplifies the analogue signal processing 

chain, removing the need for mixers and a local oscillator signal and passing the 

demodulation and filtering signal processes fully into the digital domain. This should 

provide greater flexibility, especially as regards multi-frequency signal processing.

In a review carried out by the author in 2007 it was found that the digitiser with the best 

performance / channel number / cost specifications was the PXI-5105 8-channel 

digitiser (National Instruments). This system had been used in the Graz Mk2 and
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provided very suitable performance for MIT systems up to 20MHz - the digitiser had 8 
channels of ultra-low noise input amplifiers and 12-bit ADCs, and was capable of 
simultaneous sampling at 60MS/S.

An evaluation of the performance of digitiser over the frequency range 0.5MHz - 
14 MHz and with an amplitude range compatible with a biomedical MIT system was 
carried out by Wee et al [147]. The signal measurement performance of the digitiser as 
regards amplitude noise, phase noise and phase drift was found to be excellent. The 
phase drift of the digitizer over 6 hours was just 3m° at 10MHz while, using a 17ms time 

constant, the phase noise was less than 2m° for input amplitudes greater than 10 mVrms. 
Figure 6.4 shows the phase noise vs input amplitude over the range 0.3 mVrms - 300 mVrms 
along with an estimated noise based on a phase model given by the authors.

The digitiser, used in combination with an efficient algorithm such as complex FFT, 
offers the equivalent of an 8-channel lock-in amplifier capable of simultaneous 
demodulation of virtually any number of frequencies, at the same cost (-£2500 - £5000 
depending on memory specification, in 2008) as a single channel, single frequency 
laboratory lock-in amplifier.
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Figure 6-2 Measured and estimated phase noise vs the measured RMS voltage at digitizer (10 MHz,
17ms time constant and 60MSamples/s) |147]
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6.3.3. FPGA based direct digisation system - the DDSM-1

6.3.3.1. Overview of DDSM-1 system

The DDSM-1 is a single board system which has been designed by the author in 
collaboration with Dr Ralf Patz of the University of Glamorgan and Dr Christos Ktisitis of 
the University of Manchester as part of the LCOMIT project. The DDSM-1 is designed to 
be used to perform high phase stability, low noise measurements of MIT signals, with a 
precision equivalent to that offered by the PXI-5105 digitiser described in the previous 
section but with a much higher frame rate. At the date of writing the system has been 
designed and constructed. The system is now undergoing further development, specifically 
the development of FPGA and microcontroller code, before functional testing and 
performance measurements are initiated.

Each DDSM-1 board is capable of acquiring two signals - one from the receiver coil 
and one from a reference signal derived from the excitation signal. The signals after 
digitisation undergo dual-phase phase sensitive detection and filtering or FFT-based 
demodulation to provide vector outputs corresponding to the real and imaginary 
amplitudes of the received and reference signals.

The DDSM-1 module is comprised of 4 main sections: analogue front-end and digitiser, 
FPGA processing unit, DOS signal generator and control and data communication unit. 
The analogue front-end presents a high impedance load to the coils and provides gain, 
optional anti-aliasing filtering and impedance matching of the coils to the ADC. The 
ADC simultaneously digitises the two sets of signals at acquisition rates of up to 
IZOMSs" 1 . The digitised data is then presented to an FPGA which applies a dual-phase 
phase sensitive detection algorithm to both signals. The vector voltmeter outputs are 
collected by the control unit, a microcontroller, and the data from the module is then 
passed to a workstation via a CAN interface for further processing. A block diagram of 
the system showing the major system subsections is shown in Figure 6-3.
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AREFin

Rx

fof

RS232

CAN

EXC 
out

Figure 6-3 Block diagram of system showing major subsections

The major subsections are coded in Figure 6-3 as follows:

Analogue input and digitisation section 

Control and data output section

Data Processor

Excitation signal generator

__ Power supply

The objectives of the DDSM board design are:

• Very low phase noise over typical MIT signal amplitude ranges
• Very low signal phase drift over extended periods
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• High speed data acquisition and processing

• Simultaneous multi-frequency excitation/acquisition capability

• Serial bus system allowing high flexibility for number of channels

• Low cost per unit (~£ 150 per board (2008))

In operation hi an MIT system each of the DDSM-1 modules will be connected to a 

workstation via a Controller Area Network (CAN) in a daisy-chain configuration. The 

workstation will send commands and receive data through a CAN interface controller 

with either a PCI or USB connection to the workstation (Figure 6-4).

DDSM modules

Workstation

SYNC

To otter modules

MCLK.

Figure 6-4 Block diagram of system network and control lines

All of the module will also share two other single line connections. A SYNC line under 

the control of the workstation via a digital I/O interface provides a common start 

measurement signal to all of the modules. Signal measurement on each module starts on 

receiving a rising pulse. A master clock MCLK derived from a low phase noise signal 

generator is also distributed to all of the modules. The MCLK signal provides the 

master clock for the ADC, FPGA and DOS devices.

Descriptions of the design of the main sections of the DDSM-1 system follow.
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6.3.3.2. Analogue input and digitisation section

The analogue input and digitisation section is comprised of the following components:

• Analogue to digital converter
• High input impedance differential amplifier
• Digitally controlled variable gain amplifier

AREF

input 
buffers

VGA/ADC 
buffer

Data
Channels A 

and B

ADC 
ClocK

VGA control 
lines

Figure 6-5 Block diagram of the analogue input and digitisation section

The main functions of the analogue input and digitisation section are signal conditioning 

and analog to digital conversion. The signal conditioning circuitry processes the 

detected signal before it is passed to the ADC. Starting the signal chain from the 

board's analogue input this circuit includes:

• Protection circuit
High input impedance amplifier

• Anti-aliasing filter
• Variable gain amplifier

The protection circuit limits the voltage at the input of the first amplifier when out of 

range voltages are applied while a high input impedance buffer amplifier is used to 

reduce the current flowing in the detector coils. The anti-aliasing filter is implemented
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to reduce the high frequency noise including harmonics. The variable gain amplifier 
(VGA) adjusts the signal amplitude to make best use of the input range of the converter. 
The VGA output is a.c. coupled to the ADC to allow the ADC to apply the optimum 
common mode voltage. A low pass filter is introduced to provide isolation between the 
amplifier and the ADC.

The analogue to digital converter digitises the analogue input. The converter has two 
inputs which can be sampled simultaneously. The analogue signal is sampled with an 
on-board CLK derived from an external signal MCLK distributed to all modules. The 
results of the conversion are produced after 5 clock cycles and at the end of each 
conversion two 14-bit words are ready to be sent to the FPGA.

The input buffer amplifier is an AD8352, selected for its high input impedance, high 
bandwidth and low gain temperature sensitivity. The adjustable gain feature of the 
amplifier makes easier the interfaced of the acquisition system with different sensor 
arrays and signal levels. The device can be shut down by keeping the enable pin low. 
The main specifications of the AD8352 are:

• Gain: 3 to 25dB (resistor adjustable)

Input: 3 kQ, 0.9pF, max diff input for 3dB and 5V supply 2.1V, absolute 
maximum VCC +0.5V

• Output: 100 Q, 3pF, maximum voltage swing 6Vp-p @ 5V

The signal is then passed to the VGA, an AD8370. This device allows digital control, 
by the microcontroller, of the gain applied to the input signals. The other characteristics 
taken into account for its selection are: the input and output impedance matches the 
AD8352 and LTC2285 impedances, high bandwidth (compared to other VGAs) and low 
gain temperature sensitivity. The programmable gain range is -25dB to 34dB (for -1 IdB 
to 34dB has resolution better than 2dB). The main specifications of the AD8370 are:

Input: 200Q, absolute maximum 2V differential, common -0.5V, Vs+0.5V 

Output: 1OOQ, +1-2. 1V @ 5V supply

The microcontroller requires three lines in order to program the VGA: Data, Clock 

(CKLC) and Latch (LTCH).
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The selected ADC, a LTC2285, is a dual 14bit ADC with 1MHz to 125MHz sampling 

frequency. The main specifications of the LTC2285 are:

Analogue input: differentially driven, each input swing +-0.5V for 2V range and 
+-0.25V for IV range, common mode voltage 1.5V, absolute maximum -0.3V to 
VDD+0.3V

Clock input: Single-ended, CMOS or TTL

Digital output: powered by OVDD (0.5-3.6V), output appears as 50 Ohms

• Single-supply 3V, 305mA max

6.3.3.3. Control and data output section

The control and data output section of the DDSM-1 system is comprised of the 

following components

• Microcontroller 

RS232 interface ic
• CAN interface ic

The microcontroller is a PIC18F2580 device which was selected since it provides the 

following features:

• Up to 40MHz operation
32kB Flash Rom program memory and 1536B data RAM
SPI
RS232 UART

• CAN module
• In-circuit programming / debugging
• 8-bit bi-directional ports

The microcontroller communicates with the FPGA via an 8-bit bidirectional bus using 3 

handshake lines. If data is ready within the FPGA, the data is passed to the 

microcontroller and is stored in this devices data RAM. The data in this case will be four 

32-bit words corresponding to the real and imaginary components of the receiver and 

reference signals. The microcontroller continually polls for data READY signal from the 

FPGA and continually updates the data buffer with the latest values. The microcontroller 

can be programmed to store and buffer between 1 - 384 data points. The data is then
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passed, when requested, to the host workstation via a CAN bus. An auxiliary RS232 port 

is also provided for data communication and debugging. Selection between CAN and 

RS232 data communication is made by setting a jumper on the board.

The CAN transceiver is a MCP2551 device which serves as the interface between the 

CAN protocol controller within the microcontroller and the physical bus. The MCP2551 

provides differential transmit and receive capability for the CAN protocol controller and 

is fully compatible with the ISO-11898 standard. The device is specified to operate up 

to 1 Mb/s and allows up to a maximum of 112 nodes to be connected. The 8-lead SOIC 

package will be used. The RS-232 transceiver employed is an HIN202 (Intersil) i.e. 

which provides provides two RS-232 transmitters and receivers.

6.3.3.4. Data processor and measurement algorithms

The function of the data processor is to store and process the acquired signals. The 

processor is implemented on a Xilinx Spartan 3 FPGA (Xilinx XC3S1000-FT256). It is 

planned to investigate at least three different signal processing algorithms, briefly 

described later - these are: an algorithm here labelled the "Manchester algorithm", 

Phase Sensitive Detection (PSD) and FFT.

The overall function of the data processor can be split into the following sections:

• Measurement Algorithm (Processing)

• High-Speed buffer

• SDRAM interface controller

• Numerical Controlled Oscillator

• External bus interface
• General data processor control state machine

• Debug interface (ChipScope Pro)

• Clock generation/manipulation

The code for the measurement algorithms has not yet been developed but a brief 

description of three algorithms which will be investigated as part of the LCOMIT 

project is given below.
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Measurement Algorithms

1. Manchester algorithm

This measurement algorithm is based on oversampling the input signal with an integer 
multiple of the signal frequency. The chosen ratio between sampling frequency and 
input signal frequency is fixed at N = 12. Each of the N sample points is stored in a 
separate accumulator register. Each accumulator register is updated every N sample 
periods by adding the N+l sample point to it. The processing is repeated for 10,000 
cycles of the input signal. Each of the N accumulated sample points is multiplied with a 
number read from a memory and accumulated to give a single number as result. A block 
diagram of the algorithm is shown in figure 7.

Figure 6-6 Block diagram of the "Manchester algorithm"

The algorithm is implemented for both received and reference channels and run in 
parallel to each other. The final result of the algorithm is two single numbers each of 
32-64 bit corresponding to the real and imaginary components of the detected signal, 
and when the channel is the active excitation channel, two further numbers 
corresponding to the real and imaginary components of the reference signal. Multi-
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frequency operation is to be implemented by changing the excitation and sampling 

frequency sequentially for each of the frequencies of interest.

2. Phase Sensitive Detection (PSD) Algorithm

In the PSD algorithm, shown in block diagram form in Figure 6-7, the received signal is 

sampled at any frequency greater than twice the Nyquist limit for the highest excitation 

frequency applied. The sample is immediately multiplied by two numbers 

corresponding to the in-phase and in-quadrature components of the frequency to be 

measured. The numbers are derived from a numerically controlled oscillator (NCO) 

implemented in the FPGA. The product of the multiplication is passed to two low-pass 

filters and this is then averaged for a given time constant and the final result is passed to 

two buffer registers.

It is expected that the PSD algorithm will not be able to run as fast as the "Manchester" 

algorithm due to the higher computational requirement, specifically the need to perform 

many more multiplication operations. The speed which may be attained will need to be 

ascertained through simulations. The main potential advantage of technique is thought 

to be that simultaneous measurement of multiple frequencies may be relatively easy to 

implement by copying the PSD block, shown in Figure 6-7, and using multiple outputs 

from the NCO corresponding to the frequencies to be measured.
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lout

outputs

Figure 6-7 Block diagram of the PSD algorithm

3. FFT-based algorithm

The sampled data is immediatly routed through the FPGA to RAM. The board is 
supplied with 256Mb of DDK RAM to allow storage of sampled data, in principle at 
rates of up to 100 MSamples/s.

After storing a predetermined number of samples, the FPGA then retrieves the data and 
applys a FFT algorithm to determine the magnitude and phase of the signal. The values 
at the frequency indices corresponding to the frequencies of interest, which will be 

known, are then passed to the workstation.

The FFT algorithm is not capable of the same speed as the first two algorithms for 

single frequency operation since it requires two stages, first data storage then a data
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processing stage. The principal advantage of FFT-based signal measurement however is 

that any number of frequencies can be measured simultaneously at no extra 

computational cost. For applications requiring spectroscopic data over a number of 

frequencies, the FFT-based approach may be comparable or faster to the above two 

algorithms, depending on the number of frequencies to be measured.

Other functional blocks within the FPGA

The microcontroller interface is a bi-directional 8-bit data port between a 

microcontroller and the FPGA. In addition to the data lines the interface has 3 control 

lines to provide a handshake between the two devices. The FPGA acts as the slave, 

providing the RDY signal when the algorithm has finished. The microcontroller acts on 

the ready signal from the FPGA and initiates the data transfer for the results. The 

microcontroller acknowledges the transfer of each byte using the ACK signal. 

The interface is bi-directional, allowing passing a limited amount of data into the FPGA 

for configuration. The direction of the transfer is indicated by the R/_W signal.

The general state machine provides the synchronisation of and control over all blocks 

within the FPGA. This block also deals with the external synchronisation, i.e. with the 

other measurement modules.

The debug interface for the FPGA is implemented via the Xilinx ChipScope Pro tools. 

The Xilinx Platform Cable USB connects the FPGA JTAG port to the USB port of a 

PC. The cable offers downloads at speeds up to 24 Mb/s throughput.

The clock generation and manipulation block provides the possibility to generate 

different clock frequencies to drive internal subcircuits or external peripherals. The 

Spartan 3 FPGA provides a small set of clock control and synthesis blocks to achieve 

this functionality.

6.3.3.5. Signal generation

The excitation signal generator is an AD9959 4-channel direct digital synthesiser 1C 

which comprises four DDS channels providing independent frequency (32- bit), phase
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(14-bit), and amplitude (10-bit) control on each channel. All channels share a common 
system clock and are therefore inherently synchronized. A block diagram of the full 
excitation generator design is shown in Figure 6-8.

SPI
Output to
power
amplifier

ChO

Chl

Ch2

Ch3

balun
LTC6600 
Amplifier and 
filter

baluns
DOS CLK

Gain set 
resistors

Figure 6-8 Block diagram of excitation signal generator

The DDS device is capable of being operated in several output modes including single- 
tone, multi-level modulation and linear sweep. Typically, however, the device will 
operate with each channel providing a single but different frequency. The outputs 
however are then converted from balanced to single-ended and are summed using a 
LTC6600-20 amplifier/filter configured as a non-inverting unity gain summing 
amplifier. The output will therefore be a multi-tone signal of between 1-4 different 
frequencies between DC-lOOMHz, although for MIT the range will likely be restricted 
to 100kHz - 20MHz. The AD9959 is programmed via a serial I/O port which allows the 
frequency, amplitude and phase of each channel to be independantly varied.

6.3.3.6. Clock Distribution

The first version of DDSM board comprises three different methods for producing or 
providing a 120MHz synchronous clock. These are:

• Low frequency clock distribution and frequency multiplication using a dedicated 

1C (CY2303)
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• Low frequency clock distribution and frequency multiplication using the FPGA's 

Digital Clock Management functions

• High frequency clock distribution and clock buffer

The board has three clock inputs and a different path for each method. Only one of the 

three clocks is needed at a time. The ADC clock source is selected from one of the 

above using a jumper. All clock sources are however connected to FPGA clock input 

pins and the selection of the clock is done by software.

The first method requires a 15MHz external clock frequency. Output 1 of a CY2302 clock 

buffer/multiplier i.e. is a 120MHz clock synchronised to the low frequency clock. This 

output is used for the feedback loop (pin FBIN) and the clock input of ADC. Output 2 is a 

60MHz clock that provides the clock signal for the FPGA. When the FPGA is used to 

provide the clock for ADC the low frequency reference clock is fed directly to the 

FPGA where is multiplied to produce the 120MHz ADC clock. The multiplication ratio 

can be varied and is programmable by software.

The high frequency clock is distributed as a low voltage differential signal. On a separate 

board the clock is split by a NB100LVEP221 i.e. (or similar) and the same device drives 

one twisted pair for each DDSM board. On board an AD9515 clock distribution i.e. 

translates the low voltage differential clock to CMOS levels suitable for the ADC. Output 

1 pin provides the clock for the ADC (when the jumper is on the position selecting the 

buffer). Output 0 and Output OB differential outputs drive the FPGA. The device is 

supplied by a 3.3V source and its maximum supply current is 154mA for 125MHz and 

5pF load. The clock input is self-biased to a 1.6V common-mode and has a sensitivity of 

150mVp-p. The absolute maximum voltage for the CLK and CLKB pins should be less 

than 0.3V above and below the rails and differentially 1.2V.

The DOS clock may be derived directly from the either the low frequency 15MHz or 

high frequency (120MHz) via the AD9515 buffer, or from the output of the CY2302 

device depending on the clock mode selected for the board. The microcontroller clock 

is derived from a 20MHz crystal.
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6.3.3.7. Construction, testing and application of the DDSM-1 system

Five examples of the complete DDSM-1 board, shown in Figure 6-9, were constructed 

by Philips Medical Systems in December 2008. Two were sent to the University of 

Glamorgan and one to the University of Manchester for functional testing and 

development of the measurement algorithms and control and data transfer software.

At the date of writing functional tests of the board had begun, initially PCB pre-power- 

up tests such as component inspection and power net impedance measurements 

followed by power-up of the device. The design of the system allows the input section, 

FPGA and microcontroller to be tested separately. Functional testing of the DDS 

generator, data input/output interface and RAM will however require the 

microcontroller and FPGA to be operational. The functional testing of each of these 

sections, and the subsequent development of the associated embedded system software, 

will be undertaken at Glamorgan and at Manchester over 2009.

Figure 6-9 Photograph of the DDSM-1 prototype board
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Initially it was envisaged that each of the DDSM-1 modules would be placed as close to 

the detection coils as possible to avoid phase stability issues. Tests carried out with the 

PXI-5105 digitiser suggest however that distribution of the detected signals over 

distances of 1 m - 2 m does not appear to introduce significant phase drift. It is therefore 

more likely now that the DDSM-1 boards will be incorporated into a rack system. This 

will allow a smaller footprint for the front-end of the MIT system (the coil array and 

detector circuitry) while easing signal and power distribution for the DDSM-1 boards. 

The DDSM-1 signal measurement boards, when fully developed, should provide fast 

parallel signal measurements. The maximum data capture rates provided by the system 

will become clearer with further development of the measurement algoritms and data 

transfer software. In principle however, the system should allow full data frames (i.e. all 

excitation / detection channel combinations) to be captured at rates greater than IHz, 

with 10-20Hz expected for applications having higher SNR and therefore requiring low 

data integration times.

6.4. LCOMIT: Phase stabilisation methods 

6.4.1. High phase stability amplifiers

The purpose of the MIT receiver system - the coil, signal conditioning circuitry and signal 

distribution system - is to deliver the signal induced in the detection coil with as high a 

fidelity as possible as regards amplitude and phase, to the signal measurement system. Since 

the signal from conduction eddy currents will appear as a change in imaginary component 

of the signal, and hence of its phase, any phase noise and drift introduced into the detected 

signal will corrupt the measurement of the signals from these currents.

As discussed in section 5.1, the noise and drift projected onto the imaginary component 

of the received signal by phase noise and drift between the received and reference 

signals will be proportional to the amplitude of the received signal. Gradiometers and 

coil orientation methods can therefore be employed to limit the impact of phase errors 

on the measurement precision of the imaginary component. The use of these techniques 

however place restrictions on suitable coil array geometries since there are a limited
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number of geometries in which a particular detection coil maybe insensitive to all of the 

excitation coils in a multi-channel system.

A second approach is to improve the phase stability of critical components such as 

detector amplifiers and signal distribution systems. The detector amplifiers in particular 

are a major source of phase noise and drift in the received signal, especially if they must 

supply a significant amount of gain. An analysis of the phase error vs frequency 

response of amplifiers employing feedback is given in appendix B, where it is shown 

that the phase error between the input and output of the amplifier is given by

, o)phase error = ——— 6-1 
pa>,

where co is the angular frequency of the signal, a>t is the unity gain angular frequency of the 

amplifier and p is the feedback factor employed. To keep the phase error to below 100m°, 

for instance, would require that the operating frequency * gain product should be <l/500lh 

of the unity gain bandwidth of the amplifier selected. It can be seen that very high margins 

of amplifier bandwidth above the signal frequency is necessary for high phase stability.

For the Cardiff Mkl system the amplifiers employed were OPA3682 which had a unity 

gain bandwidth of 300MHz, a reasonable figure at the time the component was selected. 

The 3-opamp instrumentation amplifier design employed had a gain of 1, with all of the 

gain applied to the downconverted IF signal due to the limited gain bandwidth available. 

Even so, at the operating frequency of 10MHz the phase error would be estimated at

phase error = - —— « 2° 6-2 
F 300

A phase error of 2° must be considered substantial. Changes of just a few percent equate 

into several tens of millidegrees of phase drift.

New designs should therefore utilise very high bandwidth amplifiers, and it is fortunate that 

amplifier performance is still moving forward rapidly. A review, undertaken by the author 

of major manufacturers in mid 2008, revealed several new amplifiers with gain bandwidth, 

noise and slew rate performance far in excess of those available just a few years previously. 

A selection of four new single channel devices are listed in Table 6-2, along with 

performance criteria and an estimate of their minimum phase error at 10MHz, if they are
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used in a standard negative feedback configuration, based on their minimum gain without 

external compensation.

Amplifier

AD8099

OPA847

THS4275

THS4304

GBW
(MHz)

3900

3800

1400

3000

Min gain

15

12

1

1

vn 
«F/V7fe
0.9

0.85

3.0

2.4

Min Phase 

error
2°

2°

0.5°

0.2°

Table 6-2 Four high bandwidth operational amplifiers

In Table 6-2, GBW is the gain bandwidth product, min gain is the minimum stable gain 

without external compensation and Vn is the voltage noise. The first two amplifiers 

show a problem with existing commonly available amplifiers. The amplifiers with the 

very highest gain bandwidth are typically uncompensated and therefore have a 

minimum gain. If used with a lower gain, external compensation in the form of a 

compensation capacitance must be added and this typically reduces the GBW. It does 

show however that it is now possible to obtain substantial gain at a similar phase error 

cost without the need to cascade amplifiers. Amplifiers such as the THS4304 however 

offer an order of magnitude improvement as regards gain bandwidth products over the 

amplifiers employed in the Cardiff Mkl.
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Figure 6-10 Non-inverting amplifier circuit employing 2 order active compensation

Of particular interest as regards low phase drift amplifier configurations, is the 

technique of active compensation of operational amplifiers, introduced by Soliman and 

Ismael in 1979 [148]. Here a second, matched, op-amp is placed in the feedback path of 

the amplifier. This then adds an equal but opposite phase shift in the amplifier feedback 

loop. An analysis provided by Wong [149] shows that for the circuit employing active 

compensation shown in Figure 6-10, the phase error is given by

phase error = -( ) 3 6-3

The phase error produced is therefore, in principle, much less than that produced by an 

amplifier which does not employ active feedback (equation 6.1), if the operating 

frequency is less than the -3dB gain frequency cot of the circuit.

A number of differing active compensation schemes have been proposed [149-152]. Several 

of these circuit configurations have been tested in SPICE simulations and in test circuits by 

the author and Mr HC Wee as part of the LCOMIT project hardware development work.
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The differential amplifier circuit with the highest phase stability so far tested during this 

work is however a novel design produced by the author and Mr HC Wee, shown in Figure 

6-11, which is based on the adaptation of the circuit of Figure 6-10.

100,
R7_____

2k

-5V 
U1

I' LMH6624 
I VCC 

5V

LMH6624 
I VCC 

5V

Figure 6-11 Cardiff Mk2 detector circuit design

The circuit shown in Figure 6-11, which has been adopted as the detector circuit for the 

Cardiff Mk2 system, is based on a standard 3-op-amp instrumentation amplifier 

configuration. Each of the two input amplifiers however have a matched amplifier 

placed in their feedback loop to provide active compensation. The device chosen for the 

input amplifiers are National Instruments LMH6626 dual op-amps which provide very 

low voltage noise (0.92nVA/Hz), high bandwidth (1.3GHz) and reasonable slew rate 

(VOOV/ns). The dual package does not guarantee that each of the amplifiers are well
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matched, but does make it more probable than is the case for two single-amplifier 

packages. All of the gain (x20) is produced by the actively compensated input 

amplifiers. The final amplifier stage is a Texas Instruments THS4275 device which is 

configured to provide unity gain and therefore its full gain-bandwidth, in this case 

1.4GHz. The role of this section to convert the signal from balanced to single ended, to 

provide common-mode rejection and to provide a high slew rate (lOOOV/us) for the 

output signal.

Two investigations into the phase versus temperature coefficients of amplifiers have 

been carried out by the author over the duration of this project with 13 different 

amplifier configurations tested. Details of the methodology of these measurements are 

given in appendix E. The results show two main findings:

Firstly, if the the reciprocal of K, the phase versus temperature coefficient of each 

amplifier design, is plotted against the bandwidth of that particular amplifier, then they 

results can be seen to lie approximately around a straight line in agreement with 

equation 6-1. Phase drift due to variations in temperature, either ambient or on the die of 

the device, may be reduced by using as high a bandwidth of amplifier as possible. This 

may be achieved both by using devices with high gain bandwidth products, and by 

using cascades of devices and limiting the gain applied at each stage.

Secondly, by far the best performing amplifier design tested was the circuit of Figure 

6-11. This circuit achieved a value of K of just 0.6m°/C, a value 5 times lower than that 

obtained by the next best design (using a AD8099 with 5.5GHz gain bandwidth). This 

suggests that the active compensation is working effectively at the operating frequency 

of 10MHz, and that the circuit is displays a value of K which corresponds to the 

amplifier having an effective gain bandwidth product in excess of 25GHz. Active 

compensation therefore appears to be a highly effective technique for improving phase 

measurement stability in MIT systems. The results of a simulation of the circuit, as 

regards phase vs frequency response and noise analysis, are given in appendix C.
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6.4.2. Passive / Active reference networks

The use of gradiometry and coil orientation methods and high phase stability amplifiers 

for improving signal measurement precision has been discussed in chapter 5 and section 

6.4.1 respectively. A third approach however is also possible. This is to measure the 

phase drifts occurring within the signal chain and subsequently to compensate for these 

drifts in the processing of the signal. This technique involves the use of passive and 

active reference signals.

A passive reference was employed in the Cardiff Mkl system, and this is simply a 

signal which follows the phase of the primary field as closely as possible. This was 

achieved by using the signal induced in the detector coil on the same coil former as the 

active excitation coil as a phase reference. It is assumed that this signal will be 

unaffected by the object placed within the detector and therefore represents the true 

phase of the primary magnetic field. A major problem with this method in the Cardiff 

Mkl system however was the large amplitude of this signal. This produced compression 

of the signal within the receiver's mixer and also resulted in significant power being 

deposited in that channels input buffer amplifier with resulting temperature increases 

and a proportional phase drift.

An active reference is here defined as a signal which is injected into the receiver signal 

chain. The signal should be stable and again completely unaffected by any object placed 

within the detector. The purpose of the active reference signal is to undergo the same 

phase changes that the detected signal undergoes as it passes through the signal chain 

from the detection coil to the measurement system. Such phase shifts can then be 

removed by subtraction from the detected signal. The principle of the method is 

described in more detail below.

Principle of passive / active coil phase tracking

Phase errors within the MIT signal are due primarily to phase noise and drift introduced by 

(i) excitation coils and amplifiers, (ii) detection coils and amplifiers and (iii) detected signal
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distribution and measurement systems. Figure 6-12 shows the accumulated phase change 

O described by expression 6-4 as the signal passes through the entire MIT signal chain.

EXCcoil ^^^^ DETcoil

<Dr

sig

Figure 6-12 Accumulated phase shifts within the MIT signal chain

<D = Osig + Oe + AO + Or 6-4

Here Osig is the arbitrary phase offset of the excitation signal generator , Oe is the phase 

errors produced by the excitation coil and amplifiers , AO is the phase shift of interest 

produced by the conductivity distribution of the sample, and Or is the combined phase 

error produced by the detector coil, detector amplifiers, received signal distribution 

signal and measurement system.

The phase error Oe can be measured using passive reference coils. These are small coils 

placed hi close proximity to the excitation coils such that they are sensitive almost 

exclusively to the primary field, a method first employed in the system of Korjenevsky 

[8]. The method can be extended by employing small coils, dedicated as reference coils, 

which may be combined before being passed to the signal measurement system. The 

signal detected by the passive reference coils, assumed to be dominated by the signal 

from the active excitation coil, will have a total phase shift (Osig + Oe + OPR) where OPR 

is the variable phase error introduced by the passive reference signal distribution 

network.

The phase error Or can be measured by generating a signal, termed the active reference, 

splitting this signal and distributing it to small coils placed in close proximity to each of
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the detector coils. These coils generate a signal in the detector coils which will be 

relatively unaffected by objects placed within the detector. The active reference signal 

will undergo a phase change described by (O^' + OAR + Or>) where Osig ' is the 

arbitrary phase offset of the active reference signal generator, OAR is the variable phase 

error introduced by the active reference signal distribution network and Or' is the 

variable phase error on the active reference signal introduced by the detector coil, 

detector amplifiers, received signal distribution system and measurement system. Osig' 

may be measured by tapping off a signal from the splitter and sending this to a channel 

of the measurement system. If the active reference signal has a frequency fa close to the 

excitation signal frequency such that fe-fa«fe, then it may be assumed that Or' « Or. 

Figure 6-13 shows an implementation of the passive/active reference coil scheme in a 

single channel MIT system.

A^ channel

Meas. channel

Pref channel 

Figure 6-13 Diagram of a single channel MIT system with passive and active reference networks

The measured phase of the passive reference and active reference signals may now be 

subtracted from the measured phase of the received signals during subsequent signal 

processing to leave

AO + OPR - OAR 6-5
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The phase errors Oe and Or introduced primarily by the MIT systems amplifiers and the 
measurement system, are thus replaced by the phase errors OPR and O AR due to the 
passive and active reference networks.. The method therefore relies on the design and 
construction of passive and active networks with high phase stability. This should be 
feasible since the networks may be constructed from passive components - in principle 
just cables, connectors and resistors.

Performance of a prototype MIT system using passive/active reference networks

A single channel MIT system incorporating a passive and active reference coil was 
designed and constructed to allow evaluation of use of phase tracking using active 
reference signals. The system, shown in schematic form in Figure 6-14, had one 6-turn 
excitation coil and one 2-turn detector coil both of radius 2.5cm. The coils were 
attached to a cylindrical metal screen of diameter 35cm and height 30cm and were 
positioned on opposite sides, at mid-height, of the screen.

KA1020

NI-PXI5105

Figure 6-14 A single channel MIT system with phase tracking. The numbers 1-4 refer to the freezer
spray measurements described below

An excitation signal of frequency 9.375MH7 from a 2-channel signal generator (TTI 
1240, Thurlby Thandar Instruments) was passed to the excitation amplifier (KAA1020, 
Amplifier Research). A passive reference coil detected the primary field signal and this 
was then passed to a resistive power combiner. The active reference signal of frequency 
9.361MHz was taken from the 2nd channel of the signal generator and this was then
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passed to a resistive power splitter. One signal from the splitter was combined with the 

passive reference and passed to channel 0 of a high-speed digitizer (PXI-5105, National 

Instruments) and the other sent to the active reference coil. The signal at the detector 

coil was amplified using an AD8099 amplifier configured as a single op-amp 

differential amplifier with gain of 20 and then passed to channel 1 of the digitizer. The 

passive and active coils were a single turn of RG405 semi-rigid coaxial cable of 

diameter 2cm, placed in close proximity to the excitation and detector coils respectively. 

Further details of the excitation and detector amplifiers used are given in [147,153].

To measure the sensitivity of the main components of the systems, in terms of phase 

change vs temperature change, a simple semi-qualitative test was performed. The phase of 

the signals at both channels of the digitizer, one of which measured the passive reference 

signal and the other the received signal, were measured as a freezer spray was used to 

cool selected components. The spray was applied for a Is period to 4 components, 1 - the 

reference combiner, 2 - the excitation amplifier, 3 - the detector amplifier and 4 - the 

active reference power splitter, and a period of approximately 7.5 minutes was left 

between each application of the freezer spray. The test is semi-qualitative due to the lack 

of control over the amount of cooling, although the phase measurements were carried out 

to a high degree of resolution. The results are shown in Figure 6-15.

The phase of the received signal (thin black line in Figure 6-15) and active reference 

signals (dashed grey line in Figure 6-15) in channel 1 and 2 of the digitizer were 

measured relative to the phase of the passive and active reference signals at the input to 

channel 0. Application of the freezer spray to the detector amplifier can be seen to 

produce a large change in the measured phase (~100m°). With the use of phase tracking 

however, the resultant signal (thick black line) can be seen to be almost completely 

unaffected. When applied to the active reference splitter the active reference signal was 

affected although the phase change was quite small (~10m°), while application of the 

spray to the excitation amplifier produced no change.
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Figure 6-15 Results of the freezer spray test. The numbers 1-4 relate to the location of the
application of the freezer spray as shown in figure 6.6. The thin black line and dashed grey line are

the measured phases for the received excitation and received active reference respectively. The
thick black line is the resultant signal, received - active reference (offset by 80m°).

The active reference signal can be seen to remove virtually all of the phase drift from 

the receiver including the detection coil, amplifier, distribution cable and measurement 

system. It can also be seen however that the phase stabilization is itself only as good as 

the phase stability of the reference networks, both passive and active. These are affected 

by temperature and do cause residual drift.

In measurements of the noise and drift of the system using the same set-up, described in 

more detail in [153], the average phase noise of the resultant signal was 4m° using a 

17ms time constant, and the drift over a 12 hour period was 10m°. The estimated phase 

measurement precision, using a 3 minute delay between measurements (as in the Cardiff 

MK1) was 0.85m° for a Is measurement time constant.

This single channel system was similar as regards dimensions, excitation currents and 

dimensions to the Cardiff MK1 system, with the coils used corresponding to 'opposite' 

coils, i.e. the detection is on opposite side of the array from the excitation coil. The 

noise and drift performance of the new system is however far superior. The equivalent 

noise figure for coils with the same relative positions was ~25m° while the drift over 12 

hours would be expected to be up to 1° over this period. Part of the improvement in 

noise is due to the longer sample average time (Is) for the passive/active coil system in
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comparison to 30ms for the Cardiff Mkl. It should be noted however that for the Cardiff 

Mkl system, longer averaging times were attempted and the noise did not improve, and 

actually deteriorated. It was assumed that short term phase drift, possibly due to the 

amplifiers warming up as nearby excitation coils were activated, was being incorporated 

into the sample.

The observed total phase drift of the received signal over the 12 hour period, without 

subtracting the active reference to allow phase tracking, was 10m°. The drift of the 

signal at the detector was therefore apparently of the same order as the drift of the active 

reference. However, over repeated measurements with the detector coil placed in a 

variety of locations (excitation coil at 12 O'clock position, detector coil placed at 3, 

4.30, 6, 7.30, 9 O'clock positions) the detected signal without phase tracking was found 

to drift by up to 28m°, while with phase tracking the maximum observed drift was less 

than 15m°. The system was in fact remarkably stable, possibly because it was allowed 

to settle for at 30 minutes before measurements, or possibly because the receiver 

amplifier and measurement system were themselves very phase stable.

Further measurements are required to determine the variability of drift figures for 

different excitation - detection coil channel separations. It is expected however that in a 

multi-channel system the receivers input buffer amps would be affected as regards 

power fluctuations as nearby excitation coils were activated in a similar way as in the 

Cardiff Mkl. Such variations should be tracked by an active reference signal. It is 

thought possible that hi the more demanding environment of rapidly fluctuating 

received signal levels in a switched excitation multi-channel MIT system, the benefit of 

phase tracking will be clearer.

The use of a dedicated passive reference signal on which both amplitude and phase 

measurements were performed, produced one other side benefit. Not only could the 

phase of the primary magnetic field be measured, but its magnitude also. This allowed 

power fluctuations in the excitation amplifier also to be tracked. The magnitudes of the 

detected signals could then be normalised by the magnitude variations measured at the 

passive reference channel to eliminate this very significant source of noise and drift in 

the real part of the detected signal.
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Figure 6-16 shows the measured real and imaginary components of the received signal 

over a 12 hour period. The real component can be seen to drift much more than the 

imaginary component, by 125|aV in comparison to 3uV. The average noise was also 

higher with values of 3.3uV and 0.9uV for the real and imaginary components 

respectively. After amplitude normalization, the drift and noise of the real part were 

reduced to 3uV and 0.8u, similar to that of the imaginary component. If measurements 

of the real part of the MIT signal are used in any future application, the use of such a 

technique would appear to offer significant benefits as regards measurement precision.

,xio

0.5 1 1.5 
Sample Number x10

2.5
4

Figure 6-16 Detected signals measured over 12 hour period. Lines A (dark grey) and B (light grey)
show the real and imaginary components of the received signal respectively. Line C (black) shows

the real component after amplitude normalisation

6.4.3. Temperature compensation schemes

The results of measurements of the phase versus temperature characteristics of detector 

circuit components, discussed in sections 4.11.4 and 6.4.1 in the context of the components 

used in the amplifier circuits of the Cardiff Mkl and Mk2 MIT systems respectively, show 

that there is a strong dependence between the phase shift introduced by the amplifiers and 

their temperature. In these measurements it was assumed that this dependence was 

approximately linear and a phase / temperature coefficient could therefore be used as a 

figure-of-merit as regards phase stability versus temperature.
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It has already been discussed within this thesis that the phase stability of a MIT system may 

be increased by selecting devices which offer low phase / temperature coefficients, as 

described in section 6.4.1. It is also possible to measure and compensate for phase drift, 

induced by thermal variation or otherwise, through the use of an active reference network as 

described in section 6.4.2. A third approach to reducing thermally induced phase drift is 

also possible however if the dependence between phase and temperature is known - that is 

to measure the temperature of the circuit and to adjust the measured phase to compensate 

for the known temperature variation. To test the viability of temperature compensation the 

following measurement was carried out.

The Mk2 MTT system (Figure 6-23) decribed in the following section was used. This system 

was undergoing development and testing at this stage however and only 1 excitation and 5 

detection channels were operational. Only one of the PXI-5105 digjtisers shown in Figure 

6-23 was used and a single reference coil was employed - the passive combiner was therefore 

not required. The detector circuits employed were of the design shown in Figure 6-11.

The signal generator was set to produce an output signal of 10MHz at -lOdBm, which 

produced an excitation voltage of 16Vp at the coils. The digitiser then recorded the phase of 

the 5 detection channels relative to the reference signal at rate of 1 measurement every 2 

seconds for a period of 12 hours. The temperature of the chassis was recorded 

simultaneously using a non-contact thermometer device (thermopile module, A2TPMD34- 

L5.5 OAA060, Perkin Elmer), which was pointed at the chassis as shown in Figure 6-17 

with the output of the thermopile logged using a data acquisition system (DaqPad- 6016).

Figure 6-17 Thermopile module used to record temperature of the chassis/screen. The device was
positioned 1cm above the screen.
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The measured phase as a function of time is shown in Figure 6-18. The time constant 

for each measurement was 2 19 samples or 8.5ms, but the data has been smoothed using a 

running average of 200 points to reduce the contribution noise to emphasise the long- 

term drift.

Time (hours) 

Figure 6-18 Measured phase of 5 channels of Mk2 system versus time over 12 hour period

The detector channels can be seen to provide very low long-term drift, of the order of 6mc 

maximum. The temperature variation over the same period is shown in Figure 6-19.

29.2

28' 56 2 4 6 8 10
Time (hours) 

Figure 6-19 Measured temperature of the Mk2 system screen versus time over 12 hour period

A number of measurements of chassis/screen temperatures were taken, over periods of up 

to 15 hours, during the development of the Mk2 MIT system. The typical range of 

variation relative to the mean recorded temperature over the data collection period was ± 

1° with the maximum range found over all measurements 2.5°. This variation in the
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chassis temperature is thought most likely due to variations in the ambient temperature of 

the room in which the system was placed.

If now the phase of the 5 channels are plotted against temperature the graph shown in 

Figure 6-20 is obtained. From this graph it is possible to obtain values of K for each of 

the detector channels through applying a linear least-squares fit to the data points of 

each channel.

28.6 28.7 28.8 28.9 29 
Measured Temperature (C)

29.1 29.2

Figure 6-20 Measured phase versus measured temperature of the 5 detector channels

The values of K obtained for each channel were -0.009, -0.007, -0.004, -0.008 and 

-0.010. A compensation for thermally induced phase change, AcpT(0 = KAT(/), may now 

be computed, assuming the variation of phase with temperature is approximately linear 

of the range of interest, where A(pT(0 is the phase compensation value and AT(/) is the 

temperature change occurring at data point / relative to the values at the start of data 

acquisition, z-0. If Aq>T(i) is then subtracted from the data displayed in Figure 6-18 for 

each of the channels, the graph shown in Figure 6-21.
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10 12468
Time (hours) 

Figure 6-21 Measured temperature of the Mk2 system screen versus time over 12 hour period

The application of temperature compensation by subtraction of KAT(/) appears to have 

resulted in a reduction in phase drift of the signal over the 12 hour period to ~lm°. This 

result may be not be representative generally since the values of K were computed from 

the data. In practice, a fixed, precomputed value of K would have to be employed and 

the stability of the value K for a particular amplifier over time needs to be investigated.

The measurement does however show that MIT systems can in principle be made highly 
phase stable, and it also shows that this could be achieved using a relatively simple 
approach to measuring the ambient (and it is assumed, MIT system screen temperature) 
- in this case a single spot measurement of temperature of the screen / chassis.

6.5. The Cardiff Mk2 MIT system: design and preliminary 
results

6.5.1. Overview of the Cardiff Mk2 MIT system

An initial design for the Cardiff Mk2 MIT system, a photograph of which is shown in 
Figure 6-22, was developed based on the experience obtained from the Mkl system, on 
the design of MIT systems developed subsequently to the Mkl system described in 
section 2.5, and on the work carried out within the LCOMIT project over the period 

2007-2008.
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Figure 6-22 Photograph of the Cardiff Mk2 MIT system.

As stated in section 6.2.4, it was intended that the design of the Mk2 system would 

differ from the Mkl in the following aspects:

(i) The strategy used in the Mkl system, an annular array of up to 16 coil modules 

switchable between exciter and detector modes, would be retained but the new system 

would be fully synchronous, with the existing 16 oscillators replaced by a single master 

oscillator. This would also allow multi-frequency operation over the range 100kHz - 

10MHz.

(ii) The detector amplifiers of the Mkl system would be replaced by amplifier designs 

which provided significant improvements in noise and phase stability through the 

use if the latest generation of high-speed amplifiers.

(iii) The lock-in amplifier used in the Cardiff Mkl system would be replaced by 

custom-designed modules allowing parallel measurement.

Based on the work carried out during the 1 st half of the LCOMIT project the following 

design choices for the MK2 system were also made:

(iv) A single high power (25 W) RF amplifier was employed in the development of the 

system. This provided a significantly higher current output (400mAp) than that
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available from the Mkl system (-lOOmAp) resulting in improved SNR. This was 
to be retained for the first configuration of the Mk2 system, with the excitation 
signal distributed to the excitation coils via a RF multiplexer.

(v) The measurement system was to be comprised of two PXI-5105 digitisers. These 
had been found to provide excellent noise and drift charactersistics and allowed a 
multi-channel synchronous amplitude / phase measurement system to be quickly 
developed. This allowed a maximum of 14 detector channels (2 are retained as 
reference channels) to be measured in parallel, and the number of both detection 
and excitation channels in the MK2 system was therefore reduced from 16 to 14. 
The measurement algorithm employed was to be based on FFT allowing the 
potential for fast simultaneous multi-frequency measurement as in the Graz Mk2 
system.

The first configuration of the Cardiff Mk2 system, incorporating the above design 
selections, is shown in schematic form in figure Figure 6-23.

Further details of each of the main components of the system - coil array design, 
excitation signal generation and distribution, measurement system and control hardware 

/ software are described in the following sections.
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Figure 6-23 Schematic diagram of the Cardiff Mk2 MIT system. Excl-14 are the excitation coils, 
Detl-14 are the detection coils and Rpal-14 are the pass

6.5.2. Coil array

The Cardiff Mk2 system coil array was to consist of 14 excitation and 14 detection 

coils. At least for the initial configuration, primary field desensitisation using 

gradiometry or coil alignment would not be employed.

In the Mkl system the excitation and detection coils were wrapped on the same coil 

former. This design allowed the detection coil in front of the active excitation coil to be 

used as a reference. This provided a simple and effective solution to the need to derive a 

reference signal for phase measurement, but it also resulted hi the detector circuits 

experiencing a very high dynamic range, of the order of 70dB, which limited the gain 

which could be applied to the detected signal.
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hi the Mk2 system, the excitation and detection coils were wrapped on different coil 
formers. The 14 excitation coils were then attached to the metal screen of the array in 

one ring while the the 14 detection coils were placed in a second ring which was 8cm 
below the excitation coil ring as shown in Figure 6-24.

D=8cm

Figure 6-24 Coil array geometry of the Mk2 system. D is the vertical separation of the excitation
and detection coil rows

The arrangement shown in the above figure was thought to offer 3 potential advantages 
over that employed in the Mkl system:

1. The separation of the excitation and detection coil rows reduces the dynamic 
range of signal

2. The arrangement, in principle, provides more independent measurements for a 
given number of coils

3. The excitation coils could have extra shielding applied without affecting the 
detection coils (where this would result in extra capacitive loading of the coils 
and a reduction in the resonant frequency and hence potentially stability)

Point 1 was confirmed using the finite-difference modeller of Morris et al [64]. Here D, 
the separation of the excitation and detection coil rows (Figure 6-24), was varied from 
Ocm to 10cm and the detected voltage was computed for each value for the direct 
coupled signal between one of the excitation coils and the 14 detection coils. The results 
of this simulation are shown in Figure 6-22. The ratio of the detected signal at the 

nearest coil to the detected signal at the furthest coils was 48dB, 34dB, 49dB, 35dB, 
28dB, and 23dB for D=0, 2, 4, 6, 8 and 10 cm respectively (the first two values were 

lower than expected due to excitation and nearest detection coils overlapping, thereby 

producing a reduced voltage.
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Figure 6-25 Direct coupling received signal of the excitation and detector coils as a function of coil
separation. The coil number refers to the position of the detection coil with numbers 1 and 14 

closest to the excitation coil and numbers 7 and 8 furthest. The legend shows the separation D (see
Figure 6-24)

The results of the simulation suggested that 8cm was a reasonable compromise between 
producing a low ratio of sensitivity variation around the array (28dB) while ensuring 
that the height of the array need not be significantly greater than that employed in the 
Mkl system. This value was thus used in the Mk2 system. Figure 6-26 shows a 
photograph of the array with the excitation and detection coils shown.

Figure 6-26 Photograph of coil array of the Mk2 system
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The excitation coils were 4-turns while the detection coils were 2-turns. Both the 
excitation and detection coils were of 4.5cm diameter and the coils were located 40mm 
from the end of the former which is attached to the screen (Figure 6-27).

Figure 6-27 Photograph of coil former showing the location of the coil. The copper foil is an electric 
field shield. This is applied to the excitation coils only

As for the Cardiff Mkl MIT system, a metal screen / chassis was employed to reduce 
capacitive coupling between the coils, to provide a rigid chassis for attachment of the 
coils and also to provide a good quality (low impedance at RF frequencies) ground for 
all circuits. The diameter of the screen for the Mk2 system was identical to that 
employed on the Mkl, but the screen was 10cm higher to accomodate the excitation and 
detection rows being placed on two rows separated by 8cm (shown as the red and blue 
lines in Figure 6-28). Electric field shielding was applied to the the excitation coils only. 
The shielding method was identical to that described in Griffiths et al [108] with copper 
tape (Chofoil, Chomerics) applied around the coil. Two gaps were placed in the tape to 
ensure that there was no closed path around which eddy currents could flow.

307



Chapter 6 LCOMIT: the Cardiff Mk2 MIT system
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300
mm

Figure 6-28 Dimensions of the metal screen of the Cardiff Mk2 system. The red and blue lines show 
the vertical placement of the excitation and detection coils respectively.

6.5.3. Reference signals

It was decided that the first configuration of the Mk2 system would use the passive 

reference method described in 6.4.2. An active reference is not used at present, with the 

system relying on high phase stability amplifier design and construction to minimise 

phase drift.

The passive reference coils are 2cm diameter single-turn coils constructed from RG405 

semi-rigid coaxial cable. The end of the internal conductor of the coaxial cable is 

soldered onto the outside conductor as shown in Figure 6-29. The other end of the coil 

is connected to a SMA bulkhead connector which is then attached to the screen of the 

MIT system. This coil construction produces a coil which allows highly phase stable 

detection of the primary magnetic field and immunity to electric field coupling between 

the reference and excitation coils.

One reference coil is placed within each of the excitation coils as shown in Figure 6-29 

(left photograph). Since the reference coil is placed in close proximity to the excitation 

coil, the signal due to the secondary magnetic field would be expected to be much lower 

than the primary signal for samples with conductivities in the physiological range (0-
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2S/m). The reference signal should therefore provide an accurate representation of the 
phase of the primary field.

Figure 6-29 Photographs of the passive reference coil employed in the Cardiff Mk2 system. The
photograph on the right shows the construction of the coils while that on the left shows the

reference coil in place within an excitation coil

To estimate the validity of this assumption the finite-difference model of Morris et al 
[64] was used to compute the relative values of the primary and secondary MIT signals 
at the reference coil, in this case for the Cardiff Mkl system operating at 10MHz. The 
object placed within the detector was a cylinder of 20cm diameter and height 16cm of 
homogeneous conductivity 1 S/m. It was found that the primary signal at the reference 
coil was 2.1V while the secondary signal due to the object at the reference coil was 
lOOuV. The phase shift introduced to the reference signal would then be expected to be 
3m° based on the ratio of secondary-primary signal. For the detector coil furthest from 
the active excitation coil, the phase change produced by this particular conductive 
object is 5.6°. For human head measurements for instance the phase shifts produced in 
the system should be less, of the order of 1-2°, and the error on the reference due to 

secondary signal pick-up should scale accordingly, to the order of lm°.

The secondary signals are passed, via semi-rigid coaxial cable (Quickform, Alacatel) to 
a 16:1 power combiner (ZFSC-16-12-S+, Minicircuits), shown in figure Figure 6-30. 
The signal passed to reference will be the combined signal from all of the reference 
coils. This will however be dominated by the coil closest to the excitation coil - the 
signal in the two next nearest reference coils will be 12 times lower for instance. The
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single output of the power combiner is split into two and passed to channel 0 of each of 

the two PXI-5105 digitisers.

Figure 6-30 Reference signal distribution system showing 16:1 power combiner

This arrangement for the reference signal is simple, inexpensive and appeared to 

provide good phase stability. The design may however introduce problems regarding 

cross-channel isolation since the power combiner provides only ~30dB isolation 

between channels. This specific issue will be investigated in test measurements.

6.5.4. Excitation signal generation and distribution

The excitation signal for the Cardiff Mk2 system is derived from an aribitrary signal 

generator, a TGA1242 (Thurlby Thandar). This device provides two channels of either 

pure sine wave output or arbitrary signal generation over the frequency range DC - 

16MHz. At present only one channel is employed, with the second output reserved for 

use as an active reference source if required. It is intended that the system will 

eventually employ arbitrary signal generation to enable multi-tone operation. Initially 

however the system will collect multi-frequency data by sequentially varying the 

frequency while operating in single-tone mode.

In Figure 6-2 it can be seen that the phase noise depends critically on the detected 

signal amplitude at the digitiser - the phase noise in the measurements is in fact linearly
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proportional to the amplitude of the received signal. Some further reduction in noise at 

the input stage may be possible, but this is expected to be limited. The number of turns 

in the detector coil may be increased, but this would result in a reduction in the resonant 

frequency and thereby a reduction in phase stability, and may require the use of larger 

values of damping resistance in the input amplifier to control parasitic oscillation; a 

serious problem given the very high gain bandwidth of the input amplifiers. The input 

amplifiers (LMH6626) have a voltage noise quoted by the manufacturers of 

0.92nV/rootHz. No lower noise devices with the required slew rate and bandwidth 

appear to be available at the date of writing.

Optimisation of the SNR of the Cardiff Mk2 MIT system therefore likely requires the 

detected signal to be maximised rather than the system's amplifier noise to be further 

minimised, and this may best be achieved by maximising the primary B-field strength. 

To achieve this end a more powerful amplifier than those used on the Cardiff Mkl 

system has been employed. The amplifier used is a 25W RF power amplifier 

(KAA1020, Amplifier Research). The device is capable of driving up to 300mArms - 

700 mArms into the 4-turn excitation coils over the frequency range 10MHz -0.5MHz 

respectively. For comparison, the excitation current used in the Mkl system was 80- 

100 mArms at 10 MHz.

The signal from the KAA1020 amplifier is distributed to the excitation coil modules via 

a 1:16 RF multiplexer (PXI-2593, National Instruments). The multiplexer, shown in 

Figure 6-31, then selects the excitation channel to route the power signal to under the 

control of the host workstation. The signal is distributed to the excitation module via 

coaxial cable with MCX connectors.
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PXI-2593 PXI-5105 
MUX digitisers

Figure 6-31 PXI-chassis showing multiplexer and digitisers

The total cable length between the MIT array and the multiplexer is l-2m (two 

different cable lengths are employed depending on position on array). If these were 

attached directly to the excitation coils, all of the coils would be permanently loaded 

with a capacitance of 100 - 200pF. At 10MHz the excitation coils would therefore be 

loaded with 80Q and have a resonant frequency of the order of 18MHz. Both of these 

conditions are considered problematic, with the relatively lightly loaded coil expected to 

produce perturbations of the primary magnetic field.

To combat this loading the signal from the multiplexers is first passed through a relay 

(ARE134H, Panasonic). The excitation module therefore consists of a single-pole, 

normally open, relay along with a transistor to drive the relay. When a particular 

excitation channel is activated, the multiplexer routes the signal through to that excitation 

module and the relay is activated to pass the signal to the coils. The coils are driven 

single-ended with one end terminated to ground. The digital signal to activate the relay is 

provided by a data acquisition card (DAQPad -6016, National Instruments) under control 

of the host PC. The inactive excitation coils are therefore effectively unloaded.
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6.5.5. Detector circuits and measurement system

A 2-turn 4.5cm diameter coil with a centre tap is used to detect the MIT signal. The 

centre tap provides a symmetrical DC path to ground for the detector amplifier inputs. 

The detector amplifier used in the Cardiff Mk2 system is the wideband instrumentation 

amplifier employing active compensation shown in Figure 6-11. This provides an input 

impedance of 4kQ at 10MHz, a total input voltage noise of <3nV/rootHz and an 

equivalent gain bandwidth product of the order of 20GHz as regards amplifier phase 

error due to the active feedback employed. The amplifier provides a fixed gain of 20. 

The amplifiers are housed in a metal enclosure located immediately behind the detection 

coils on the opposite side of the screen. The amplified detected signals are passed to the 

measurement system via RG174 coaxial cable with 8MB connectors of length l-2m.

The measurement system is comprised of two PXI-5105 (National Instruments) digitisers. 

Each of the digitisers provides 8 simultaneously sampled channels of 12-bit vertical 

resolution and 60 MS/s sampling rate. The detected signals are digitised with 2 19 samples 

collected on each channel, representing 8.5ms of sample length. To reduce phase noise in 

the measurements, the excitation signal generator and the two digitisers are locked to a 

common 10MHz reference signal derived from the signal generator. The digitised 

waveforms are then passed over a MXI-Express bus to the host PC for signal measurement.

The measurement algorithm employed is an FFT-based algorithm which has been 

developed by Mr Hoe Cher Wee at the University of Glamorgan. The development of 

the algorithm formed part of Mr Wee's PhD studies and full details of the algorithm will 

be published in the related thesis, but a brief description of the algorithm follows.

The digitised waveforms passed to the host workstation undergo FFT. The FFT 

algorithm employed is based on a radix-2 Decimation In Time (DIT) algorithm which is 

available as a library function within Labview. This FFT algorithm outputs a complex 

array corresponding to the real and imaginary components of the detected signal at each 

of the frequency bin indices of the FFT.

The phase of the sampled signals is arbitrary and depends on the instantaneous phase of 

the signal at the initiation of sampling. Since the sampling is simultaneous however, the 

relative phase between the channels is fixed. The phase of the reference channel may be
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subtracted from the phase of all the other detection channels to provide the phase 
difference of interest between the reference and detection channels. For efficiency this 
subtraction, and the computation of the magnitude and phase of the signal from the real 
and imaginary components, is only carried out at the frequency indices of interest. The 
resultant magntiude and phase information, for each channel at each excitation 
frequency, are then stored for further processing. A block diagram of the measurement 
system and algorithm is given in Figure 6-32.
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Figure 6-32 Block diagram of the measurement system and algorithm of the Cardiff Mk2 system

6.5.6. Performance of the Cardiff Mk2 system - preliminary results

6.5.6.1. Signal Magnitude and Phase Noise of the Cardiff Mk2 system

The signal and amplitude noise of the Mk2 system were measured over the operating 
frequency range 0.5 MHz -10MHz as follows:

1. The signal generator was first set to produce a sine wave output at the selected 
frequency. The output amplitude for all of these measurements was -6 dB, a 
value which was determined by trial and error to produce the lowest noise (the 
maximum input to the power amplifier was 0 dB).

2. The programmable input amplifiers of each of the channels of the digitiser were 
then set to produce a suitable full scale range. This range was 0.05 Vpp, 
0.2 Vpp, 1 Vpp or 6 Vp depending on (i) the relative distance of the detector coil 
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of that channel from the active excitation coil and (ii) the operating frequency, 
since the detected signal amplitude range was found to fall with decreasing 
frequency.

3. The multiplexer was set to route the signal to excitation channel 1 and the relay 
of this channel's excitation module is activated.

4. 512k samples were now collected at 60MS/S over a 8.5ms period 
simultaneously for all detector channels. The collected data was then passed to 
the host workstation.

5. Each of the sampled waveforms then undergo a FFT to determine the magnitude 
and phase of each of all the frequency bins of all of the 14 detector channels and 
the reference signal. The magnitude and phase of the frequency index of interest 
was selected and the phase of the reference channel (or channels, since channel 0 
of both digitisers are supplied with the same reference signal) was subtracted 
from the remaining 14 channels to define their phase. The magnitude and phase 
of the detected signals were then stored in the host workstation.

6. Operations 2 -5 were then repeated sequentially for each of the 13 other 
excitation channels.

The phase noise was determined by carry out operations 2-6 above 16 times. The phase 
noise of each of the 196 different channel combinations was then defined as the 
standard deviation of the measured phase over the 16 measurement runs.

The average detected signal magnitude (at the digitisers) and phase noise of the system 
across all excitation-detection channel combinations is given in Table 6-3. It can be seen 
that the phase noise deteriorates from 2.3m° at 10MHz down to 16.1m° at 0.5MHz. This 
is thought likely due to the reduction in the detected signal magnitude, with the phase 
noise approximately inversely proportional to average signal magnitude over the range 

0.5 MHz - 5MHz.
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Operating 
frequency 

(MHz

0.5

1

2

5

10

Average 

Magnitude 

(mV)

30

61

122

284

350

Average 
Phase noise 

(m°)

16.1

8.6

5.3

4.6

2.3

Table 6-3 Average detected signal magnitude and phase noise across all channel combinations of
the Mk2 system

Figure 6-33 shows the average phase noise over all excitation channels for varying 

detector coil positions at operating frequency 1MHz. The phase noise can be seen to 

increase with the increasing distance between the excitation and detection channels, 

again due to a reduction in the detected signal magnitudes. The signal magnitudes, 

averaged across all excitation channels are shown in Figure 6-34.
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Figure 6-33 Average phase noise for all excitation channels versus the detector coil location at 
frequency 1MHz. Here detector coil numbers 7 and 8 are furthest from the excitation coil while

detector coil numbers 1 and 14 are closest
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Figure 6-34 Average signal magnitude for all excitation channels versus the detector coil location at 
frequency 10MHz. Here detector coil numbers 7 and 8 are furthest from the excitation coil while

detector coil numbers 1 and 14 are closest

6.5.6.2. Phase drift of the Cardiff Mk2 system

The phase drift of the Mk2 system was measured as follows:

1. 4 full measurement sets (all channels) were collected and averaged
2. A 30 second delay was introduced to emulate the time delay between collecting 

a reference data set and a measurement data set (i.e. tune taken to place a sample 
within the detector)

3. The above two steps were repeated 30 times to acquire Ihr of data

At 1MHz, the average phase drift over the full 1 hour period, defined as the maximum - 
minimum measured phase for one channel combination, averaged across all channel 
combinations, was 18m° (ranging from 2m° to a maximum of 50 m°).

It should be noted however that the detector coils closest to the active excitation channel 
always produced the lowest values for 'drift', whereas, the channels furthest always 
produced the highest values of drift. For instance, the nearest two channels to the active
—————————•——— JT?
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excitation coil produced an average value of phase drift of just 2.3m° in comparison to 

the average phase drift of the two furthest channels which was 39 m°. It appears 

therefore that any phase drift is less than, or of the same order as the range expected to 

be produced by short-term phase noise at this operating frequency.

At 10MHz, the average phase drift over the full 1 hour period, was 8.2m° (ranging from 

2m° to a maximum of 29 m°). Again the highest values of 'drift' occurred at the 

detector coils furthest from the active reference coil, and the actual underlying phase 

drift is masked by the range produced by phase noise.

The results therefore suggest that, at least for the two 1 hour measurement runs the 

above data is based on, phase drift hi the system is small and the variation in the 

measured phase is dominated by short term phase noise.

The method employed, averaging 4 measurements and introducing a 30s delay, 

emulates the measurement protocol used for imaging purposes and allows the 

measurement noise to be assessed under the same conditions as for a true imaging data 

set. Over the 30 measurement sets, the difference between one measurement set and the 

subsequently acquired one was computed. The standard deviation of these 29 difference 

measurements then allows the practical measurement phase noise to be computed. 

Using this definition the average measurement phase noise at 1MHz and 10MHz was 

3.6m° and l.lrn0 respectively.

These values for measurement phase using 4 data set averages corresponds closely to 

the phase noise values collected over a short time period given in section 6.5.6.1, i.e. 

they are twice as large as would be expected in comparison to a 4 dataset average. This 

suggests that there is no decrease in measurement phase precision introduced by phase 

drift over a measurement period of 2 minutes. The use of longer data sets and greater 

averaging should therefore be possible to increase phase measurement precision further.

6.5.6.3. Data Acquisition time of the system

The total data acquisition including sampling, transfer of data to the workstation, FFT 

and storage of the magnitude and phase results is 1.6s for 16 channels of data each of
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length 2 samples, or 8.5ms. This total time may be split into two main operations - (i) 

data acquisition and transfer and (ii) FFT. The relative times for each of these 

operations are:

(i) data acquisition and transfer 400ms 

(ii) FFT 1200ms

Thus the total time to acquire a full frame of data, with all 14 excitation channel 

sequentially activated, is therefore 1.6s * 14 = 22.4s. To achieve a system phase 

precision of lm° (at 10MHz), 4 frames need to be averaged, and the total acquisition 

time is therefore 90s, a value equal to that of the Cardiff Mkl system.

The data acquisition and transfer time is limited by the bandwidth of the MXI Express 

bus used to transfer the data from the PXI chassis to the host workstation. The measured 

data transfer rate is 40MB/S, which is approximately 36% of the maximum data transfer 

rate quoted for this bus (1 lOMB/s). It is assumed that this loss of efficiency is due to the 

fixed time for acquisition and sychronisation of the digitisers and communication 

overheads (e.g. handshaking). The efficiency may potentially be increased by using 

digitisers with more memory (the system employed has 16MB per card - other options 

for this device include 128MB or 256MB), which would allow a longer continuous 

throughput time, reducing the realative effects of communication overheads associated 

with initiating and terminating the data transfer. The scope for increasing total speed 

seems limited to no more than a factor of 2 at most.

The FFT operation is at present the major contributor to total data acquisition time. A 

problem here is that, although all 14-channels and reference of the system are collected 

simultaneously in parallel, the FFT operation is carried out sequentially on the data. 

The time taken to perform the FFT may be reduced by utilising parallel processing 

methods - indeed the 1200s quoted was produced by utilising a dual-core processor (the 

workstation employed was a Core2 Duo E6750 operating at 2.66GHz). For comparison, 

the FFT algorithm took 1600ms using a single processor. Further reductions in the data 

acquisition seem achievable through the use of 4, 8 or more processor workstations.
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6.5.7. Discussion of the performance of the Cardiff Mk2 system

The Cardiff Mk2 system provides a major improvement in phase measurement 

precision over the previous Cardiff Mkl system, shorter data acquisition tunes and also 

allows multi-frequency operation.

The Mk2 sytem provides a phase precision, averaged across all excitation - detection 

channel combinations, of 1.1 m° in comparison the the figure of 17m° obtained for the 

Mkl system for the same total data acquisition time (90s). The phase drift of the Mk2 

system is also very substantially reduced in comparison to the Mkl system, hi the Mk2 

system the limit to measurement phase precision appears to stem primarily from short 

term phase noise. The phase drift over extended periods of a few hours appears to be 

typically of the order of <10m° on average. In the case of the Mkl system, the average 

drift was an order of magnitude higher, of the order of 130m° (drift in 

Im(AV/V)~0.23%, section 4.11.2).

The phase noise increases with decreasing frequency, from l.lm° at 10MHz to 8m° at 

0.5MHz due primarily to a reduction hi the detected signal amplitude at the detector 

coils. The SNR of the system will be reduced at an even greater rate since the signal - 

the phase shift introduced by the object, will also fall off with linearly with frequency. 

The estimated SNR obtained from a human head, assuming that it produced the same 

value of phase shift as for the Mkl system of -3° at the channel with the highest 

sensitivity (opposite channels), and approximately 1° average across all channels 

(section 4.11.6.4), is given in table below

F (MHz)
0.5

1
2
5
10

Noise (°)
0.008

0.0043
0.0027
0.0023
0.0011

Signal from head (°)
0.05
0.1
0.2
0.5

1

SNR (dB)
16
27
37
47
59

Table 6-4 Estimated SNR versus frequency for in vivo head measurements with Cardiff Mk2
system

As previously discussed in section 5.5, Zolghami et al [140] simulated cerebral haemorrhages 

using a realistic finite element model of the human brain and the Cardiff Mkl coil array. The 

values of the phase shifts produced by the three haemorrhages modelled in this study - 
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small deep stroke (7.7 cm3), a small peripheral stroke (8.2 cm3) and a large peripheral stroke 

(49.4 cm3) - are shown in Figure 6-35.

51 101 151 
Signal number

201 251

Figure 6-35 Values of phase shifts produced by small deep stroke (SD), small peripheral stroke (SP)

and large peripheral stroke (LP), obtained in study of Zolgharni et al. The soh'd lines and dashed

lines show the results obtained using finite element and transmission line matrix models

respectively (from [140])

The authors of this paper stated that the modelling results showed that 70 of the 256 

signals (27%) would be detectable for the large peripheral stroke, but none for the 

smaller strokes. In order to be able to measure the same percentage of the signals 

produced by the small deep stroke, a noise level of 1.3 - 1.7 m° would be required. The 

Cardiff Mk2 system provides this level of phase measurement precision and should in 

principle therefore be capable of detecting these smaller lesions.

The limits to the measurement precision of the Mk2 system at present appear to stem 

from 2 main sources:

1. Speed of data acquisition and measurement algorithm.

2. Amplitude of signal at the detection coil.

As discussed in the previous section, it appears likely that there is limited scope for 

significant reduction in data acquisition time using the PXI digitiser system and FFT 

algorithm currently employed. The major limit here is the bandwidth available in the
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digitiser - workstation interface. Even with the use of optimisation methods such as 
'bit-stuffing' of the downloaded data, and the use of acceleration of the FFT algorithms 
through parallel processing techniques, the total data acquisition time is expected to be 
reduced only by a factor of 2-4 at most.

The adoption of the channel frequency encoding method utilised by the Graz MIT group 
(section 2.5.3) could allow a further increase in data acquisition rate by up to a factor 
equal to the number of excitation channels. The method however introduces the 
following issues:

i. A signal generator and power amplifier for each of the group of channels 
simultaneously excited would be required increasing the cost and complexity of 
the design.

ii. The use of a current source power amplifier would likely be required unless only 
2, 3 or 4 excitation coils at most (in a pattern where each is as far as possible from 
the other active coils).

iii. For the present design, the programmable gain input amplifier of each of the 
channels of the digitiser could not be switched to a suitable range since the 
detected signal would include components from excitation coils adjacent and 
opposite to the detection coil. This could only be effectively addressed through the 
use of primary field desensitisation.

For MIT systems requiring very high frame rates, dedicated high performance 
digitiser/measurement systems for each detector channel will be required. The FPGA- 
based system described in section 6.3.3, in principle, is capable of measuring the phase 
of detected signals an order of magnitude faster than the PXI system currently employed 
in the Cardiff Mk2. Alternatively, downconverter MIT systems may provide fast frame 
rates since the downconversion process effectively averages and condenses the data by a 
factor of-1000 (for downconversion from 10MHz - 10kHz). The use of the chopping 
techniques discussed in section 6.3.1 may offer a route to implementing these systems 
with a precision equivalent to that offered by the direct digitisation currently employed 
bythe Mk2 system. A fast, inexpensive downconverting phase measurement system for 
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use with the Mk2 system front-end will be developed in the final year of the LCOMIT 
project (2009-2010).

There appears to be significant scope for addressing issue 2, the amplitude of the signal 
at the detection coil. It may be possible to increase the number of turns at the detector 
coil, but it is unlikely that the number of turns can be increased to beyond 4 turns in the 
present design. Increasing the number of turns to 4, for instance, will reduce the 
resonant frequency of the coil by a factor of 4, thereby greatly increasing the potential 
for phase instability at the coil, and for parasitic oscillations at the (very high gain 
bandwidth) amplifiers. Increasing the number of turns of the excitation coils would 
increase the detected signal amplitudes at lower frequencies but may have a significant 
negative impact on the amplitudes at higher frequencies. Doubling the number of turns 
for instance would double the signal at 1MHz, but reduce the signal at 10MHz by a 
factor of 4 due to the dynamic impedance of the coil also increasing by this factor.

The excitation power amplifier is one component for which further development is 
certainly indicated. At present the power amplifier employed, a 25W commercial 
laboratory broadband amplifier (KAA1020, Amplifier Research), is too expensive 
(~£5k, 2009) to be used practically for anything other than as a development tool for 
MIT systems employing sequential excitation. This system furthermore, as is the case 
for most RF amplifiers, has a 50Q output impedance. This high value of output 
impedance limits the drive current available, resulting in power being dissipated within 
the amplifier rather than the coil. For MIT the requirement is for a high primary B-field, 
and therefore a high drive current, and an amplifier for use in MIT should therefore 
present as low an output impedance as possible. A major strand of further development 
will be the development of inexpensive, low output impedance, high current output 
amplifiers optimised for MIT application.
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6.6. Summary

This chapter describes the instrumentation development work carried out by the author 
as part of the LCOMIT project over the period October 2006 - Februray 2009. The 
main outcome of this work was the development of a new multi-channel, multi- 
frequency MIT system, the Cardiff Mk2.

Section 6.2 provides background information on the Imaging low-conductivity materials 
in Magnetic Induction Tomography (LCOMIT) project. The target applications, the 
work programme of the project and the target design and performance specifications for 
the Cardiff Mk2 system were discussed and were compared to the measured 
performance of the Cardiff Mkl system.The section concludes with a discussion of the 
influence of these systems on the design of the Cardiff Mk2 system.

Based on this review a decision was made that the data acquisition and measurement 
system for the Cardiff Mk2 system would initially be based on the same device and 
method as employed by the Graz Mk2 system - direct digitisation using a PXI-5105 
digitiser and the use of FFT-based signal measurement. Direct digitisation and FFT- 
based phase measurement was thought to be potentially computationally expensive and 
time consuming. Parallel development of two alternatives would therefore also be 
undertaken: (i) a custom high speed digitiser based around a Field Programmable Gate 
Array (FPGA) device would be designed and developed which would be suitable for 
implementing a very fast, parallel, direct digitising measurement system and (ii) 
development of downconversion methods would also continue.

The development of MIT measurement techniques and systems within the LCOMIT 
project was described hi section 6.3. Three main topics were covered: (i) the 'vector 
chopper' technique for downconversion-based phase measurement, (ii) direct 
digitisation and phase measurement using a PXI-based digitiser and FFT algorithm, (iii) 
the design of a FPGA-based system for fast signal measurement. Details of the FPGA 
system design were provided, but the results of performance measurements were not at 
the time of writing available.
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The vector chopper system provided phase noise of 0.6 m° - 20 m° over the range 

144mVpp - 0.28mVpp input for a 20ms time constant. The observed drift was ~ 20m° 

over 15 hours, while over any 1 hour period it did not exceed 8m°. This quadrature 

modulator system therefore appears to offer a simple and potentially fast method for 

single frequency, or sequential multi-frequency MIT. These potential advantages of this 

approach are that such systems should be simple, inexpensive and low power and may 

be very suitable for small and/or portable systems.

The signal measurement performance of the PXI-based digitiser as regards amplitude 

noise, phase noise and phase drift was found to be excellent. The phase drift of the 

digitizer over 6 hours was just 3m° at 10MHz while, using a 17ms time constant, the phase 

noise was less than 2m° for input amplitudes greater than lOmVrms. The digitiser, used in 

combination with an efficient algorithm such as complex FFT, offers the equivalent of 

an 8-channel, multi-frequency capable, lock-in amplifier at the same cost (-£5000, 

2009) as a single channel, single frequency laboratory lock-in amplifier.

The topic of section 6.4 was phase stabilisation schemes for MIT systems. Three phase 

stabilisation schemes were covered: (i) the use of high bandwidth amplifiers and active 

compensation amplifier configurations, (ii) active / passive reference networks for amplifier 

phase drift tracking and (iii) thermal compensation of the measurement data using 

temperature monitoring of the MIT system chassis. The major outcome of the work 

described in this section was the development of an ultra-phase stable amplifier employing 

active compensation for use in the Cardiff Mk2 MIT system. This circuit achieved a value 

of K (phase/temperature coefficient) of 0.6m°/C. This value of K corresponds to the 

amplifier having an effective bain bandwidth product in excess of 25GHz.

Finally, section 6.5 detailed the design of the Cardiff Mk2 system and provided 

preliminary results on the systems performance. The Cardiff Mk2 system had an 

annular coil array comprising 14 excitation and 14 detection coils and employed a metal 

screen similar to that of the Cardiff Mkl system. A single 25W RF power amplifier 

provided the excitation current, which was switched sequentially to the excitation coils 

of the system via a multiplexer. The phase measurement system comprised two PXI- 

5105 8-channel digitisers with a FFT-based signal measurement algorithm employed.
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The system provided a phase measurement precision in the range 1.1 m° - 8m° over the 

frequency range 10MHz -0.5MHz respectively for a total data acquisition time of 90s. 

The SNR of the system for in vivo human head measurements was estimated at 59dB - 

16dB over the same frequency range. The system provides low phase drift, estimated at 

<10m°, averaged across all channel combinations, over periods of up to 12 hours. The 

Cardiff Mk2 system meets the LCOMIT project target specification as regards 

measurement precision and stability. The data acquisition time of 90s is 50% higher 

than the target specification, but further progress in significantly reducing the 

acquisition tune and / or improving phase precision is expected.

To summarise the novelty of the work described in this chapter - the design of the Cardiff 

Mk2 multi-frequency system incorporated several novel features which had not 

previously been employed in MIT systems including: the use of ultra-phase-stable 

receiver amplifiers employing active feedback, low phase drift passive reference networks 

and phase tracking active reference networks. The use of these novel techniques in the 
Cardiff Mk2 system provided an order of magnitude improvement in measurement 

precision in comparison to the two previously existing high frequency, low conductivity 

MIT systems, the Moscow systems and the Cardiff Mkl.
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T.Summary and Future Work
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7.1. Summary

7.1.1. The main topics covered by this thesis

This thesis has covered three main topics: (i) the design, development and construction of 
a 16-channel MIT system - the Cardiff Mkl MIT system, (ii) the development of a 
single-channel and then a multi-channel system utilising primary field desensitization by 
coil orientation and (iii) the description of the results of investigations into new MIT 
instrumentation design and methods including: quadrature modulation of local oscillators 
in downconversion systems, direct digitisation signal measurement, phase tracking using 
active and passive reference coils and ultra-phase stable amplifier designs for MIT. 
Finally, within the last topic the design, development and performance of a 14-channel 
MIT system employing these new methods, the Cardiff Mk2 system, is described.

hi chapter 2 the factors affecting the design and performance specifications of the 16- 
channel MIT system were reviewed, with sections on the topics of the physical aspects 
of MIT systems, biomedical and industrial applications of MIT, and MIT systems 
described in previous studies.

7.1.2. The Cardiff Mkl MIT system

hi chapter 3, based on the review given in the previous chapter, the following design 
specification were selected for the Cardiff Mkl MIT system: single frequency operation 
at 10MHz, 16-channel annular array, signal measurement by phase sensitive detection 
and a phase measurement precision of < 100m°. A review of phase sensitive signal 
measurement methods was carried out. Both XOR and lock-in amplifier-based vector 
voltmeter signal measurement systems were designed, constructed and evaluated. A full 
MIT receiver circuit employing frequency downconversion, suitable for incorporation in 
the 16-channel MIT system, was designed and tested.

A description of the design and development of the full 16-channel system, which was 
named the Cardiff Mkl MIT system, is given in chapter 4. The designs of the main 
system components are detailed, along with discussions of the criteria, observations and
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measurement results which influenced their design. The results of performance 

measurements of the Cardiff Mkl MIT system are described with the phase noise and 

drift of the system measured, along with the results of measurements investigating other 

important criteria including inter-channel cross-talk, temperature sensitivity of 

components within the MIT receiver circuits, capacitive coupling within the systems 

and the response of the system to saline of varying conductivities. At the end of the 

chapter images produced from two studies are given and discussed, with the first one 

images derived from a phantom providing a simple model of cerebral stroke and the 

second derived from in vivo measurement of the human thigh and again a simple 

phantom of the same situation.

The Cardiff Mkl MIT system was only the second electronically-scanned multi-channel 

MIT system to be constructed, after the Moscow 16-channel system. The design of the 

Cardiff Mkl borrowed from this previous system in several aspects including the use a 

metal screen/chassis and heterodyne downconversion of the received signals. A major 

difference between the two systems however was the use of vector voltmeter signal 

measurement in the Cardiff system which allowed measurement of both the real and 

imaginary components of the received signal.

The ability of the Cardiff Mkl system to measure both signal components enabled it to 

be used to investigate issues such as residual capacitive coupling and of more 

fundamental importance, the response of both the real and imaginary signal components 

to materials with varying values of electrical conductivity and permittivity. The change 

in Im(AV/V) observed was linear with conductivity over the range 0-6 Sm" 1 for the 

samples used as expected from theory. The real component Re(AV/V) however displayed 

a non-linear change with increasing conductivity and here it is thought that the skin depth 

became significant relative to the dimensions of the sample.

As regards performance, the Cardiff system was significantly slower than the Moscow 

system, primarily due to the use of a commercially available lock-in amplifier rather 

than the simpler and faster method of zero-crossing detection using a XOR-gate-based 

detector. The Cardiff system however offered a much higher measurement precision 

than the previous system, with a phase noise of 17m° for 30ms time constant in
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comparison to a quoted value of 280m° for a 4ms time constant for the Moscow system 
(equivalent to 100m° for a 30ms integration time).

The results of measurement sets from saline samples of varying conductivity and 
dimensions, from a simple model of cerebral haemorrhage, and from in vivo 
measurements of the human head and thigh were described and discussed in section 
4.11.6. Images of the cerebral haemorrhage model and human thigh were then presented 
and discussed in section 4.12. The in vivo measurements of the human head suggest that 
the the Cardiff Mkl MIT system could provide a SNR of the order of 34dB-44dB and 22- 
26dB for in vivo measurements of the human head and thigh respectively. The images 
obtained from the in vivo measurements of the thigh displayed no internal structure, e.g. 
the femur, and this is thought to be due to limitations in the available SNR of the 
measurements, the dimensions of the system and in the image reconstruction method 
employed. The images produced from the cerebral haemorrhage model however were 
very promising with the, albeit large, haemorrhage detectable in all locations in both 
absolute and difference images.

7.1.3. The BX sensor and planar array MIT system

Chapter 5 discusses the use of sensors desensitized to the primary magnetic field and the 
impact on signal measurement precision through the use of this technique. A novel coil 
geometry is introduced, a planar array using Bx sensors, and single and multi-channel 
systems using this sensor type and array are described as regards their design and 
performance. The improvement in measurement precision produced by the use of primary 
field desensitized coils was very clear in the measurements from the single-channel system. 
The phase noise was reduced by a factor of -40 and the drift by a factor of -50 over the 
frequency range 1 - 10MHz merely by orienting the detection coil such that its sensitivity to 
the primary field was minimised. The explanation given for this observation was that phase 
errors between the detected and reference signal, which produce noise and drift proportional 
to the magnitude of the received signal, appear to dominate over voltage noise in the circuits 
or noise from external sources. This is plausible given the extended time over which 
measurements are taken, ~3 minutes, and given the problems observed with the use of an 
external reference in lock-in amplifiers, discussed in detail in sections 4.6.1 and 4.6.2.
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It is also possible that improvements in measurement precision by the use of primary 
field desensitization of detector coils may be less pronounced if fully synchronous 
demodulation is employed. In combination with techniques such as quadrature 
'chopped' modulation or direct digitisation with FFT, fast multi-frequency data 
acquisition and improved phase stability of circuitry and phase stabilisation methods, 
phase errors between the measured and reference signals may be limited such that errors 
due to this source are at a level comparable with those produced by mechanically 
induced niose and drift in gradiometers and Bx sensors.

7.1.4. LCOMIT and the Cardiff Mk2 MIT system

hi chapter 6 the work carried out to date (early 2009 at date of writing) on 
instrumentation development within the LCOMIT project is described. This section 
introduces three methods novel to the MIT field. These are:

• the "vector chopper" quadrature demodulation scheme which in principle allows 
a single mixer to be employed to produce highly phase stable vector voltmeter 
measurements. The method may be very suitable for use in small and low power 
MIT systems

• active / passive phase tracking and temperature compensation both of which are 
shown to be of benefit in increasing the phase stability of MIT systems

• active compensation amplifier configurations for ultra-phase stable MIT detector 
amplifiers

It was the third of these methods which has been found to be of immediate value. The 
amplifiers employed within the detector circuits of the Cardiff Mk2 system utilise active 
compensation in conjunction with high bandwidth (~1.5GHz) op-amps, and this design 
is found to provide remarkable phase stability. In all the measurements carried out with 
the Cardiff Mk2 system to date, over typical measurement times of up to 10 minutes in 
total the average drift of the Cardiff Mk2 system is virtually unmeasurable over the 
noise of the system, with phase drift under lm°. This level of phase stability over the 
medium term (i.e. 10's of seconds to ~ 10 minutes) should allow the use of longer time 
constants / data averaging to enable measurement phase precision of lm° and better, the
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level of precision identified in modelling studies as necessary to detect smaller 

peripheral and deeper lying cerebral haemorrhages, as discussed in section 6.5.7.

At the date of writing the Cardiff Mk2 system had only just been constructed and had 

been in operation for a matter of a few weeks. Already however the system 

demonstrated a level of measurement precision over an order of magnitude better than 

that achieved with the Cardiff Mkl system. The system provided: phase measurement 

precision of l.lm° - 8m° over 10MHz -0.5MHz for a total data acquisition time of 90s, 

SNR for in vivo human head measurements estimated at 59dB - 16dB over the same 

frequency range and phase drift of <10m° over periods of a few hours.

7.1.5. Research Outputs

hi addition to the three MIT systems described, this work resulted in 7 journal and 13 

conference proceedings publications. These are listed in section 8.10 and are referred to 

within the body text of this thesis.

7.2. Future Work

7.2.1. Further developments within the LCOMIT project

hi the short term (2009-2010), work will continue on the development of the Cardiff 

Mk2 system to optimise its performance. This instrumentation development work will 

be directed primarily at (i) optimising the SNR and / or speed of the system through 

improvements to the excitation circuitry and coil arrays and to the signal measurement 

system and (ii) investigation of new array geometries optimised for specific 

applications.

7.2.2. Improvements in SNR and/or data acquisition rates of the 
Cardiff Mk2 MIT system

There appears to be two main routes for significant further improvement of the Mk2 

system. One of these is using a more powerful or efficient primary magnetic field 

generation system. The SNR of the system appears to be limited by the modest 

excitation currents and coil turns employed, of the order of 0.1 - 0.7Arms into 4 turns 
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over the 0.1-lOMHz frequency range. Larger signals at the detector coils, and hence 
higher SNR, may be obtained by two potential means: (i) the excitation coils may be 
operated at resonance to allow both more turns and higher current and (ii) the power 
amplifier employed at present, which has a 50Q ouput impedance, could be replaced by 
a custom built power amplifier with a much lower output impedance and capable of 
driving therefore a higher current into the excitation coils across the entire operating 
frequency range.

For single, and perhaps dual/triple frequency MIT systems, the use of resonance of the 
excitation coils (though not of the detection coils) is perhaps the most efficient solution 
as regards cost and power usage in an MIT system. Improved, high current output 
power amplifiers however appear to offer a more flexible solution for broadband multi- 
frequency MIT systems.

The second route for improvements in SNR for the Cardiff Mk2 system is the use of 
longer data acquisition tunes. In the present system direct digitisation with FFT-based 
signal measurement allows simultaneously multi-frequency signal measurement, but the 
speed of acquisition is limited due to data bandwidth restrictions and the computational 
expense of the FFT algorithm. The use of channel frequency encoding, as employed in 
the Graz Mk2 MIT system (section 2.5.3), is one method which appears to be very 
promising for reducing total data acquisition times. For very high frame rate acquisition 
however, either analogue demodulation / downconversion methods, such as that 
described in section 6.3.1, needs to be employed to reduce data bandwidth / processing 
requirements or fast custom built FPGA or DSP measurement systems, such as the 
DDSM-1 system described in section 6.3.3 will be required.

7.2.3. Investigation of new array geometries

The design of the front-end of the Cardiff Mk2 system is basically the same as that 
employed in the Cardiff Mkl. This annular array geometry is perhaps most suitable for 
the imaging of objects with a cylindrical shape, for instance pipelines or the human 
torso. Different coil array geometries may be more suitable for some applications 
however. For the human head for instance it is possible that a better distribution of 
sensitivity throughout the head may be achieved by for instance a hemispherical array,
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with the coil positions following the contour of the head. Further studies aimed at 

investigating and optimising the coil array design for specific applications are therefore 

required and such studies are included as a work package within the LCOMIT project.

7.2.4. Developments in MIT instrumentation in the long term

hi the longer term it is likely that the performance of MIT instrumentation will improve 

further. MIT systems with measurement precision / data acquisition rate an order of 

magnitude better than the Cardiff Mk2 system in its present form certainly seems 

achievable over the next few years, given the continual improvements which have been, 

and are likely to be continued to be, observed in system components such as amplifiers 

(higher bandwidths, lower noise) and data acquisition systems (higher resolution, higher 

bandwidth data interconnections).

One particular MIT system component for which a major change in design may occur is 

the sensor - the detector coil. Coils are very simple, inexpensive and very low noise 

devices, and they continue to be the sensor of choice for MIT. They do however have 

significant limitations related to the fact that they are inductors and the voltages induced 

within them by the primary and secondary magnetic fields are proportional to 

frequency. This means that it is in practice very difficult to design MIT systems which 

are efficient over an extended frequency range. The emerging technology of spintronics 

offers the potential of small, ultra-sensitive magnetic sensors with signal output 

amplitudes which are independent of frequency, greatly easing the design of broadband 

MIT systems.

7.3. Conclusion

In conclusion, the Cardiff Mkl and planar array MIT systems described in this thesis 

were the second annular array and the first planar array low-conductivity MIT systems 

ever constructed. Both of these early systems have provided valuable data to workers in 

the field of MIT development, and both have exerted some degree of influence on 

subsequent designs by other groups. The Cardiff Mk2 system is, along with the Graz 

Mk2 system (section 2.5.3) and Philips MIT system (section 2.5.4), the first 2nd - 

generation low-conductivity MIT systems, with measurement precision over an order of 
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magnitude better than the 1 st generation devices. The precision of these new systems, in 

combination with advances in image reconstruction methods for MIT, should result in 

much superior images in comparison to those obtained with the 1 st generation of MIT 

systems. Whether these new systems meet the requirements for practical clinical and 

industrial applications now needs to be, and will be, assessed over the next few years.

The future successful application of MIT is more likely to depend on the basic physical 
limitations inherent to the electromagnetic tomographies rather on the instrumentation. 

MIT, as for BIT, suffers from limitations as regards: (i) dependence within the ensemble 
of measurements collected related to the fact that the sensitivity is not confined to a 
narrow beam, as in the case of X-ray CT, but may be distributed within a wide sub- 
volume of the object, (ii) the problem is ill-posed related to the fact that sensitivity may 

be very low within some, typically central, volumes of an object and (iii) the problem is 
very non-linear due to the 'soft-field' nature of the electromagnetic tomographies. 

Improvements in MIT models and image reconstruction methods, and in the 
computational hardware, may go some way to addressing these issues. It is also likely 
however that these physical limitations will restrict the range of applications to which 

MIT may be applied.

However, the advantages of MIT relative to BIT, but also relative to other imaging 
modalities, will likely guarantee that the technique continues to attract interest. MIT 
systems will be non-contact, easy to apply, suitable for hazardous/aggressive environments, 
cheap, safe, fast and will provide a range of highly useful information on the composition, 
macro-structure and micro-structure of materials non-invasively. Extensive further 

development of this technology and its application therefore seems likely.
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8.1. Appendix A - Conductivity and permittivity value range 
in human tissues over IkHz - 100MHz with tissues 
types grouped by three applications: head, chest and 
limb imaging
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Figure 8-1 The measured conductivity as a function of frequency for five tissue types found in head
applications
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Figure 8-2 The measured relative permittivity as a function of frequency for five tissue types found
in head applications
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Figure 8-3 The measured conductivity of tissue as a function of frequency for six tissue types
found in chest applications
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Figure 8-4 The measured relative permittivity as a function of frequency for six tissue types found
in chest applications
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Limb
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Figure 8-5 The measured conductivity of tissue as a function of frequency for five tissue types
found in limb applications
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Figure 8-6 The measured relative permittivity as a function of frequency for six tissue types found
in limb applications
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8.2. Appendix B - Phase error versus frequency response for 
RC, LCR and amplifier sections of MIT system

1. RC sections
Consider a signal applied to a series RC circuit configured as a single order low pass 
filter (figure 8.7).

Vi Vo
•A/VV

R

Figure 8-7 Series RC circuit configured as low pass filter

If Vj is the input voltage, V0 the output voltage and I is the current, then if the applied 
voltage is sinusoidal with angular frequency co, then

1 v • /~t'~jcoC 

The gain is then

(B.I)

Vt 1 + jfoRC 

and the phase shift O of V0 relative to V; will be

(B.2)

(B.3)

It follows that phase shifts across the capacitor will be minimised if both R and C are 
minimised such that at the operating frequency 03, co « 1/RC.

Vi VO

Figure 8-8 Series RC circuit configured as high pass filter
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For a series RC circuit configured as a single order high pass filter (figure 8.8) then

jVt =(R + -^—)I = (R ———)fl = (i——J—w
1 : ^^S~*' • -.y-*' n V ns-v* O (B.4)

and the gain is

G>RC

and the phase shift O of V0 relative to Vj will be

=tan

(B.5)

(B.6)

The phase shift at low frequencies will be 90°, 45° when o> = 1/RC and tends to 0° as 
the frequency increases above this. It follows that R and C should be maximised such 
that w » 1/RC.

2. LCR sections - detector coil model

The detector coil may be modelled as a series LCR circuit as shown in figure 8.9, with 
L the inductance of the detection coil, R the DC resistance of the coil and C the load 
capacitance of any feed cables from the coil to the input amplifier. Distributed 
capacitances in the coil are not considered here.

Vo

Vi

Figure 8-9 Model of the detector coil as a series LCR circuit

If Viis the input voltage, V0 the output voltage and I is the current, then if the applied 
voltage is sinusoidal with angular frequency to, then
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coC ja>L (B-7)

The transfer function is then

0 _ coC
i R+/((oL —— 

coC

(B.8)

The phase of V0 may then be calculated using tan(O)= Im(Vo/Vi) / Re(V</V)

=tan "J
coL-

coC
R (B.9)

A plot of this function is shown in figure 8.10.
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Figure 8-10 Phase of Vo for LCR circuit. The values used for the components for this particular
plot were L=10jiH, R=1Q and C=100pF

The change in phase with frequency is fairly flat up to approximately co,/2 where cor the 

resonant frequency of the circuit, in this case at 5MHz. The phase behaviour between 

100kHz and 2.5MHz is shown in figure 8.11 as a dashed line. The phase however 

changes very rapidly between wr/2 and 3cor/2 with a peak change at <or.
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Figure 8-11 Phase of Vo for LCR circuit over the range 100kHz - 2.5MHz (co,/2 for the component 
values chosen). The solid shown the phase with R=1Q while the dashed line shows the phase with

R=5Q

The very rapid change in phase observed at resonance suggests that poor phase stability 

would be expected if the system is operated near the resonance frequency of the detector 

coils. The transfer function obtained with R=1Q (solid line in figure 8.11) suggests 

however that for circuits which have a relatively low damping and therefore high Q, the 

change in phase at frequencies < oor/2 is relatively small. If the DC resistance and 

damping is increased however the situation changes. The dashed line shows the phase 

change observed if R is increased to 5Q. The observed phase change over the same 

frequency range is increased by the same factor as the DC resistance.

Based on the model used the following recommendations may be made:

• The system should be operated well below resonance. The values of L, C and R 

should be estimated to determine the likely phase error. The values of L, C and 

R should also be stabilised as much as possible by good mechanical design and 

component selection.

• The DC resistance of the coils should be kept low as possible. It should be taken 

into account that this resistance should include the effect of skin depth which 

increases the apparent resistance. This can be addressed by using conductors 

with sufficient cross-sectional area or by using Litz wire.
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• The feed wire capacitance should be minimised by keeping lengths to a 

minimum. Shielding, either of the wires or of the coils would be expected to 

increase the capacitance significantly. Ideally shielding aimed at reducing 

capacitive coupling between the excitation and detection coils should be applied 

to excitation coils rather than the detection or reference coils.

3. Amplifier sections — phase error for amplifiers using negative feedback

The signal conditioning section of an MIT signal detection system will typically require 

at least one of the processes: balanced-unbalanced conversion, amplification and 

filtering. As regards the first two processes, and quite probably all three, operational 

amplifiers are likely to be most commonly employed. Amplifiers using negative 

feedback are analysed here for their phase error characteristics.

Phase error is defined as the phase change occurring between the input and output of the 

amplifier, and this may be characterised as a function of frequency. A full analysis of 

the phase precision performance of an operational amplifier circuit would require a 

sensitivity analysis including all of the parameters likely to affect the phase, including 

those external to the operational amplifier such as resistor values and feedback used, as 

well as those intrinsic to the amplifier such as open loop gain, slew rate, input 

capacitance e.tc. Here the phase error is calculated for an amplifier employing negative 

feedback, covering non-inverting, inverting and differential modes, with a single pole 

model used to approximate the open loop gain frequency response.

A block diagram of a negative feedback loop is shown in figure 8.12 where V; is the 

input voltage, V0 is the output voltage, E is the error voltage, A is the open loop gain 

and p is the feedback factor.
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V0

Figure 8-12 Amplifier in negative feedback loop

The equations describing the circuits behaviour are then

(B.io)

(B.ll)

The gain is then given by

(B.12)

The frequency response of the open loop gain A(s) may be approximated by assuming a 

single order RC low pass response as in equation 2. The open loop gain then becomes

(B.13)

where AO is the DC open loop gain and k=s/cot where s is the complex angular frequency 

yco and cot is the unity gain angular frequency of the amplifier.

The closed loop gain of the amplifier Ad with feedback is then

(B.14)

which becomes

\ f

1
1

i ' A(s)P }

1
P

\
1 k1 + —— + —

I A*P P)

(B.I 5)

Assuming that Ao»l, then the closed loop gain is approximately
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/ \

1 +
V r j

(B.16)

The phase error is therefore given by

phase error = - (O
(B.17)

For any amplifier utilising negative feedback the phase shift will be proportional to the 

ratio of the operating frequency to the unity gain bandwidth o>t and to the feedback gain 

1/p. It follows therefore that to minimise phase errors the gain should be kept as low as 
possible and the amplifier selected should have as high a value of unity gain bandwidth 
as possible.
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8.3. Appendix C - Circuit simulations of the Cardiff Mkl 
and Mk2 detector circuits

For both the Cardiff Mkl and Mk2 MIT systems the signal measurement parameters of 

interest are phase noise and phase drift (see chapter 3, section 3.3.6 for definitions). 

The detector circuits of the Mkl and Mk2 systems were therefore modelled in respect of 

these parameters.

Each of the measurement parameters were modelled as follows:

Phase Noise

Two sources of phase noise in MIT signal measurement have been identified in this 

thesis, (i) phase noise due to voltage noise appearing at the output of the detector 

circuits which may be produced from either extrinsic or intrinsic sources and (ii) phase 

noise due to short term variations in the phase of the reference channel (see chapter 5, 

section 5.2.1). Only phase noise due to the first source will be considered here and only 

intrinsic noise sources i.e. due to amplifier input voltage and current noise, and thermal 

noise sources.

The phase noise 9n on the signal output from a detector circuit will be

where Vn is the total output voltage noise and Vs is the amplitude of the signal at the 

output of the circuit under test.

Phase Drift

Each of the components within the signal chains of an MIT system, both detected and 

reference signals, may introduce a significant phase shift. If this phase shift is stable 

then this will not impact on signal measurements. If however there are long term 

variations in this phase shift, phase drift of the signal will occur.
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Variations in the values of resistance, capacitance and inductance of components will be 

expected to produce variations in the phase shifts introduced by circuits. Variation of 

the temperature of circuit components is one parameter which has been identified to be 

significant through measurements. The circuit simulation software available, although 

offering a temperature sweep analysis, did not provide sufficient thermal parameters on 

models, specifically opamp models, to enable a phase versus temperature analysis to be 

carried out. A thermal analysis to model phase error versus component temperature 

therefore is needed but cannot be carried out at present.

Bode magnitude and phase plots for each of the circuits under test are however 

produced. Here the gain bandwidth and total phase error introduced at a given frequency 

may provide some indication of the impact of thermally induced drift on the circuit. The 

measurement results described in appendix D suggest that thermally induced phase drift 

is inversely proportional to gain bandwidth. If the phase error response is modelled as a 

simple single pole low pass response, then the total phase error across the circuit will be 

an indicator of effective gain bandwidth which may be employed with the standard 

negative feedback amplifier sections of the Mkl and Mk2 circuits, and the active 

feedback amplifier section of the Mk2 system.

Components modelled and simulation tools used

The following detector circuit components were modelled:

1. Cardiff Mkl and Mk2 MIT system detector coils

2. Cardiff Mkl Receiver front-end

3. Cardiff Mkl Receiver low frequency section

4. Cardiff Mk2 Receiver circuit

The direct interaction between the excitation coil and detection coil was not simulated, 

nor were indirect coupling interactions between the coils via a conductive object placed 

within the detector.
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The TUF-1 mixer, employed for the purpose of frequency downconversion in the 
Cardiff Mkl detector circuit was not modelled. The manufacturer, Minicircuits, do not 
supply SPICE models for these devices and do not provide data on the specific diodes 
and transformers employed.

The circuit simulation software employed in all simulations was Multisim 9.0.41 
(National Instruments). For the Mkl circuit, the OPA3682 devices were simulated using 
the model provided within the Multisim component database and the AD8056 models 
were SPICE macromodels provided by Analog Devices (AD8056 SPICE model, Rev A 
SMR/ADI 26/8/97). For the Mk2 circuit, the LMH6626 devices were simulated using 
the SPICE macromodels provided by National Semiconductors and the THS4275 
amplifier was simulated using the SPICE macromodels provided by Texas Instruments. 
All other components were simulated using the models provided in the Multisim 9.0.41 
master database.

1. Cardiff Mkl and Mk2 MIT system detector coils

The Cardiff Mkl and Mk2 MIT system use the same design of detector coils. This is a 
2-turn, 5cm diameter (4.5cm diameter for the Mk2) coil with a centre tap to ground.

The model employed for the detector coil is shown in Figure 8-13. The coil was 
modelled as two series inductances each with half the total self inductance of a 2-tum 
5cm coil, which has a value of 0.4)nH estimated using a standard formula for a circular 
coil [154]. Capacitance Cl is used to model the self-capacitance of the coil and mutual 
capacitance of the unshielded twisted pair leads which attach the coil to the detector 
amplifier. C2 and C3 model the capacitance between the coil and the MIT system 
screen and Rl and R2 the DC resistance of the coil and leads. The input to the detector 
amplifier is modelled as an input impedance of 1MQ in parallel with lOpF (estimated 
maximum of input capacitance of detector amplifier board). The value of Cl was 
estimated using an expression for the capacitance per metre of 2 parallel wires of radius 

r separated by distance d [155]
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Assuming the total length of the wires including coil and leads to be less than 20cm, and 
that r = 0.3mm and d = 1.2mm, the maximum value of Cl was estimated to be < lOpF.

If the coil is modelled as a circular plate of 5cm diameter, then the using the simple 
formula for the capacitance of a parallel plate capacitor C=sA/d where A is the area of 
the two plates and d=5cm, then the C ~ 0.3pF. The capacitance should be significantly 
less than this since the actual area is much less, but a very conservative value of 0.5pF 
was assumed. The AC resistance of the wire of the coil (copper, 0.26mm2 cross-section) 
was estimated to be 0.1 Q at 10MHz. The induced voltage within the coil is modelled as 
a voltage source, but the source is placed in one half of the coil only and the behaviour 
of the coil is assumed to be symmetrical around the centre tap.

C2
:0.5pF

C1
:i.OpF

C3 
:0.5pF

R1
-A/W 
0.1Q

C4
lOpF:

R3 

1.0MQ

R2
-A/W 
0.1Q

C5 R4 

1.0MQ

Figure 8-13 Detector coil model for Cardiff Mkl and Mk2 systems

The signal output magnitude and phase Bode plots are shown in Figure 8-18 and Figure 
8-19 respectively.
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Figure 8-14 Signal output magnitude vs frequency for Cardiff Mkl/Mk2 detector coil
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Figure 8-15 Signal output phase vs frequency for Cardiff Mkl/Mk2 detector coil

The simulation of the 2-turn detector coils employed in the Cardiff Mkl and Mk2 

systems displays two resonances at frequencies 100MHz and 109MHz. The phase shift 

across the circuit - between the voltage source and the input to the amplifier stage 

between Rl and R3 - for the component values shown in Figure 8-13 was just 4m° at an 

excitation frequency of 10MHz.
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Figure 8-16 Output voltage noise of Cardiff Mkland Mk2 systems receiver coils

The output voltage noise of the circuit is shown in

Figure 8-20. The simulated output voltage noise was less than O.lnVVrlz between

100kHz- 50MHz.

Based on the simulation results, the output voltage noise of the coil should represent a 
negligible contribution to noise expected in the Mkl and Mk2 systems detector circuits. 

The phase error produced by the detector coils also appears to be very small and is 

unlikely to have a significant influence on phase drift.

2. Cardiff Mkl Receiver front-end

The Cardiff Mkl receiver front-end circuit is shown in Figure 8-17. The voltage source 
was attached to a resistor network to provide 2 signals for the differential inputs of each 
amplifier. This arrangement was selected to ensure that any phase shifts in the output of 
the amplifier were produced by the amplifier only. The OPA3682 devices were 

simulated using the model provided within the Multisim component database.
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Figure 8-17 Cardiff Mkl receiver front-end circuit

The signal output magnitude and phase Bode plots are shown in Figure 8-18 and Figure 

8-19 respectively.
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Figure 8-18 Signal output magnitude vs frequency for Cardiff Mkl receiver front-end circuit
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Frequency (Hz)

Figure 8-19 Signal output phase vs frequency for Cardiff Mkl receiver front-end circuit

The Mkl front-end circuit shows a lowpass response with -3dB frequency at 270MHz. 

The simulated differential gain was 3.9 and the differential gain bandwidth is therefore 

1.07GHz. The phase error across the amplifier at 100kHz, 1MHz and 10MHz were - 

0.06°, -0.55° and -5.56° respectively.
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Figure 8-20 Output voltage noise of Cardiff Mkl system receiver front-end
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The output voltage noise of the circuit is shown in Figure 8-24. The simulated output 
voltage noise was approximately 17nVVHz between 100kHz - 50MHz, falling off to 
~lnVVHz at lower frequencies as the gain of the circuit decreased correspondingly.

3. Cardiff Mkl Receiver low frequency section

The Cardiff Mkl receiver low frequency section is shown in Figure 8-21. The output of 
the mixer (see Appendix F.I for full circuit) was modelled as a voltage source VI with 
50Q output impedance. The AD8056 models were SPICE macromodels provided by 
Analog Devices (AD8056 SPICE model, Rev A SMR/ADI 26/8/97). Resistor R9 and 
capacitor C15 were selected to represent the input impedance of the measurement 
system, a SR830 lock-in amplifier.

M

2.2nF 

R6

3.0k

SS
-5V cio

100nF ^

100nF 3.0k

100nF I I.R9
I C15 J10M

^OfioP 1

Figure 8-21 Cardiff Mkl receiver low frequency section

The signal output magnitude and phase Bode plots are shown in Figure 8-22 and Figure 
8-23 respectively.
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Figure 8-22 Signal output magnitude vs frequency for Cardiff Mkl receiver low frequency section
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Figure 8-23 Signal output phase vs frequency for Cardiff Mkl receiver low frequency section

The Mkl low frequency section shows a bandpass response with -3dB frequencies at 

1.9kHz and 28kHz. Several further poles above 20MHz can however also be seen. The 

total gain of the section was 15.9 at 10kHz and the phase error across the entire circuit 

atlOkHzwas-1.6°.
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Figure 8-24 Output voltage noise of Cardiff Mkl system low frequency section

The output voltage noise of the circuit is shown in Figure 8-24. The simulated output 

voltage noise was approximately 220nV/VHz at the operating frequency of 10kHz. The 

output noise is dominated by the noise generated by Rl and the voltage noise of 

amplifier Ul.

4. Cardiff Mk2 Receiver circuit

The Cardiff Mk2 receiver circuit is shown in Figure 8-25. The voltage source was 
attached to a resistor network to provide 2 signals for the differential inputs of each 
amplifier. This arrangement was selected to ensure that any phase shifts hi the output of 
the amplifier were produced by the amplifier only. The LMH6626 devices, amplifiers 
Ul-4, were simulated using the SPICE macromodels provided by National 
Semiconductors. The final stage, amplifier U5, was simulated using the SPICE 

macromodels provided by Texas Instruments.
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Figure 8-25 Cardiff Mk2 MIT system receiver circuit

The signal output magnitude and phase Bode plots are shown in Figure 8-26 and Figure 
8-27 respectively.
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Figure 8-26 Signal output magnitude vs frequency for Cardiff Mk2 receiver circuit
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The Mk2 receiver amplifier circuit shows a lowpass response with -3dB frequency at 

95MHz, but with 20dB of peaking observed at 61 MHz. The simulated differential gain 

is 21.6 and the differential gain bandwidth is 2.05GHz. The phase error across the 

amplifier at 100kHz, 1MHz and 10MHz were -0.014°, -0.145° and -1.45° respectively.
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Figure 8-27 Signal output phase vs frequency for Cardiff Mk2 receiver circuit

The output voltage noise of the circuit is shown in Figure 8-29. The simulated output 

voltage noise was approximately SOnV^Hz between 100kHz - 50MHz, falling off to 

~lnVVHz at lower frequencies as the gain of the circuit decreased correspondingly.
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Figure 8-28 Output voltage noise of Cardiff Mk2 receiver circuit
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Comparison of Voltage and Phase Noise of Mkl and Mk2 receiver circuits

The output voltage noise of the Cardiff Mkl and Mk2 receiver circuits are shown in 
Figure 8-30. The output voltage noise of the Mkl front-end circuit is referred to the 
output of the entire receiver circuit, with the specified conversion loss of -6dB for the 
TUF-1 mixer and the gain of the Mkl low frequency stage (15.9) applied. The 
minimum operating frequency of the TUF-1 mixer is 1MHz.

Mkl input

MkllF

Mk2

l.E+00 l.E+02 l.E+04 1.E+-06 l.E+08 

frequency (Hz)

Figure 8-29 Output voltage noise of the Mkl front-end, low frequency section and Mk2 receiver
circuit. The solid grey, dashed grey and solid black line shows the responses of the Mkl front-end,

Mkl low frequency section and Mk2 receiver respectively

At an operating frequency of 10MHz, the output voltage noise of the Mk2 receiver 
design is 80nV/VHz. The output voltage noise of the Mkl front-end circuit, including 
the TUF-1 mixer, is 140nV/VHz at the same operating frequency, assuming a -6dB 
conversion loss and no extra noise added by the mixer. The output voltage noise of the 
Mkl low frequency section at a frequency of 10kHz is 220nV/VHz.

The simulated output voltage noise of the Mk2 receiver circuit is therefore significantly 
less than that of the Mkl circuit, by a factor of between 2.7 (noise of low frequency 
section only) and 3.3 (combining voltage noise of front-end at 10MHz with, 
uncorrelated, voltage noise of low frequency section at 10kHz).

If we assume values for the total output voltage noise of the Mkl and Mk2 receiver 
circuits of 240nV/VHz and 80nV/VHz respectively then the phase noise of the Cardiff
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Mkl and Mk2 systems over their specified operating output amplitude ranges may be 

estimated using equation C.2. Figure 8-30 shows the simulated and measured noise for 

the Mkl and Mk2 receiver circuits.

-1G&.-0-

A

.fo.ooi

3t 
1 
3!to
f

A Mkl simulated noise 

O Mk2 simulated noise 

10 A Mkl measured noise 

• Mk2 measured noise

Ouput Signal Magnitude (Vrms)

Figure 8-30 Simulated and measured phase noise versus output signal magnitude for the Mkl and
Mkl receiver circuits

The measured phase noise of the Mk2 circuit, for a given output signal magnitude, was 

consistently lower than that of the Mkl by a factor of ~2.

The measured phase noise of the Mkl circuit appears to be lower than the simulated 

values for output signal magnitudes less than -SmVrms. For signal magnitudes above 

this value however, the phase noise was significantly larger than the simulated value 

suggesting that another form of noise is present which is independent of signal 

amplitude and this produces a noise floor at a value of ~ 8m°. This noise source is 

thought due to the operation of the lock-in amplifier measurement system, rather than 

the Mkl receiver circuit itself.

The measured phase noise of the Mk2 circuit was higher than the simulated value by a 

factor of - 2 for output signal magnitudes less than ~30mVrms. This may be partly due 

to extrinsic noise sources, and also phase noise on the reference channel would also

361



Appendices ________________________________________

contribute to measured phase noise. The two 'outliers' on the Mk2 circuit measured 

phase noise, at 0.4Vrms and 1.7Vrms, with values of ~1.5m°, appear consistently and 

the cause of these excess noise values are currently under investigation.

Discussion on simulations of Cardiff Mkl and Mk2 receiver circuits

Based on simulation results, the Mk2 receiver design provides lower voltage noise than 

the Mkl circuit, by a factor of 3, with values of 80nV/VHz and 240nV/VHz respectively. 

The components which appear to have the largest contribution to the output voltage 
noise hi the Mk2 circuit are the coil damping resistors R3 and R4. Further 
improvements in the noise performance of the circuit therefore require that these 

resistors be reduced in value or ideally removed altogether. At present however a 
reduction of the value of R3 and R4 results in the appearance of large parasitic 

oscillations in the output due to coupling of the output with the detector coil at the coils 
resonant frequency. A method of damping the coil which does not introduce thermal 
noise at the amplifier input is required.

The Mk2 circuit also appears to produce a lower phase error across the amplifier than is 

the case for the Mkl front-end circuit, with simulated phase errors of -1.5° and 5.6° 

respectively. The lower total phase error however is only suggestive of higher phase 
stability and a temperature analysis is required to confirm the phase vs temperature 
coefficients for each amplifier design. It should be noted however that the phase error 
introduced by the mixer was not simulated. Measurements of the phase variations 
produced by the components of the Mkl receiver circuit (section 4.11.4) show that the 
mixer appears to have lower phase stability than either the Mkl front-end or low 

frequency section, by a factor of ~ 8.
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8.4. Appendix D - Measurement of the phase vs temperature 
coefficients of amplifers for MIT detector circuits

The phase versus temperature coefficients of a range of amplifier designs and devices 

have been tested during this project. Two main investigations have been carried out 

which will be termed PhaseTempl and PhaseTemp2. The methodology and amplifiers 

tested within these inestigations will be described below.

PhaseTempl investigation - amplifiers for downconverter MIT systems

In this investigation 7 amplifier designs which were selected as being suitable for use as 

input buffers in downconverting systems, were constructed on a PCB and were placed 

within an oven. Coaxial cables carried a signal at 10MHz from a signal generator 

(Marconi 2022C) into the oven to the PCB. The amplified signals were then passed out 

of the oven to a downconverter/ XOR pulse board (described in section 3.7.3) which 

downconverted the signal to 10kHz. A reference signal was split from the output of the 

signal generator and was passed to the reference channel of the downconverter / XOR 

board. The comparators on the downconverter board were disconnected however and 

the gain of the amplifier and filters after the mixer sections was adjusted to ensure that 

the downconverted signals were not limited. A second signal generator (Marconi 

2022C) was used to produce the local oscillator signal (at 9.99MHz) for 

downconversion. Figure El shows a schematic diagram of the measurement setup.

10kHz
10MHz

r-
BP/ 
LP

BP/ 
LP

Sig. 
input

Ref. 
input

Lock-in 
amplifier

LO 
signal

Figure El Schematic diagram of the measurement set-up for PhaseTempl investigation
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The temperature of the oven was then varied between 30C - 60C, with 2 cycles of 

heating and cooling carried out. The phase of the signal out put from the amplifier under 

test was then recorded from the lock-in amplifiers front display panel while 

simultaneously the temperature was recorded using a hand-held digital thermometer 

(C9001, Comark) employing a thermocouple which was placed next to the PCS. A 

phase measurement was taken for every degree change in temperature over the range 

40-60C. Measurements were taken only over the slower cooling part of the cycle.

The phase versus temperature coefficient, here labelled K, of each amplifier was 

computed by plotting a graph of the measured phase of the amplifier output against the 

measured temperature of the PCB, and then applying a linear regression fit to the data. 

The gradient of this line then gave K.

The amplifiers tested are shown in table El along with the results of the measurements. 

For MIT systems employing downconversion of the high frequency signal to a lower 

frequency, the gain of the HF input amplifier is kept to a minimum and all of the gain is 

applied to the low frequency signal to ensure phase stability. The gain selected for the 

amplifier was 1 in all cases apart from amplifier 6 which had a fixed gain of+2.

Amplifier
1

2

3

4

5

6

7

Device
AD8056

OPA2680

AD8130

LM7171

THS4275

MAX4444

Mkl circuit

Configuration
Single-amp 
differential, gain 1
Single-amp 
differential, gain 1
Single-amp 
differential, gain 1
Single-amp 
differential, gain 1
Single-amp 
differential, gain 1
Single-amp 
differential, gain 2
3 amplifier 
instrumentation amp.

GBW (MHz)
300

400

270

200

1400

1100

330

K (m°/C)
-19

-9

-4

-14

+1.2

-2.2

+14

Table El Amplifiers tested during PhaseTempl investigation. GBW is the gain bandwidth of the
device quoted by the manufacturer
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For amplifiers 1, 2, 3 and 5 the design was a single op-amp differential amplifier with 
resistor values for Rf and Ri both equal to 390Q. The design of amplifier 7 is that 
shown in Figure 6-11. GBW is the gain bandwidth of the device quoted by the 
manufacturer.

PhaseTempZ investigation - amplifiers for direct digitisation MIT systems

hi this investigation 6 amplifier designs were tested which were selected as being 
suitable for use as input buffers in direct digitisation systems, were constructed on a 
PCB and were placed within an oven. Coaxial cables carried a signal at 10MHz from a 
signal generator (TGA1242, Thurlby Thandar) into the oven to the PCB. The amplified 
signals were then passed out of the oven to a PXI-5105 digitiser where the signal was 
digitised. A reference signal was split from the output of the signal generator and this 
was passed to a second channel of the digitiser. The phase difference between the 
reference and amplifier output signal were then measured using the method described in 
section 6.5.5.

The temperature of the oven was then varied between 30C - 60C, with 2 cycles of 
heating and cooling carried out. The phase of the signal out put from the amplifier under 
test was then measured relative to the reference signal, at a rate of 1 per second over a 1 
hour period, while simultaneously the temperature of the surface of the PCB was 
measured using a non-contact thermometer device (thermopile module, A2TPMI334- 
L5.5 OAA060, Perkin Elmer) with the output of the thermopile logged using a data 
acquisition system (DaqPad- 6016). The thermopile device was calibrated against a 
hand-held digital thermometer (C9001, Comark) employing a thermocouple which was 
placed next to the PCB.

The phase versus temperature coefficient, here labelled K, of each amplifier was 
computed by plotting a graph of the measured phase of the amplifier output against the 
measured temperature of the PCB, and then applying a linear regression fit to the data. 
The gradient of this line then gave K.
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The amplifiers tested are shown in table E2 along with the results of the measurements. 
For MIT systems employing direct digitisation of the high frequency signal, all of the 
gain must be applied by the input amplifier. The gain selected was 20 in all cases.

Amplifier
8

9

10

11

12

13

Device
AD8056

THS4275

AD8021

ADS 129

AD8099

Mk2 circuit

Configuration
Single-amp 
differential, gain 20
Single-amp 
differential, gain 20
Single-amp 
differential, gain 20
Single-amp 
differential, gain 21
Single-amp 
differential, gain 20
3 amplifier 
instrumentation amp. 
with active 
compensation

GBW (MHz)
300

1400

1500

2000

5500

NA

K (m°/C)
-20

+22

-34

+11

-3

+0.6

Table E2 Amplifiers tested during PhaseTempZ investigation. GBW is the gain bandwidth of the
device quoted by the manufacturer

For amplifiers 1, 2, 3 and 5 the design was a single op-amp differential amplifier with 
resistor values for Rf and Ri of 3.6kQ and 180Q respectively. In the case of design 4, 
the device uses just 2 resistors externally to set the gain, and these were again Rf and Ri 
of 3.6kQ and 180Q. The design of amplifier 6 is that shown in Figure 6-11. GBW is the 
gain bandwidth of the device quoted by the manufacturer.

The phase versus time behaviour of the amplifiers for devices 1-5 (which were recorded 
simulataneously) in Table E2 are shown in Figure E2, while the related temperate 
variation versus time is shown in Figure E3. The corresponding data for the active 
compensation amplifier (which was recorded during a separate run) is shown in Figures 

E4 and E5.
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4QOO

AD8129 
AD8056

•AD8021
• THS4275
• Mk2 circuit

Time (s) 
Figure £2 Phase versus time variation for the amplifiers 1-5 in Table £2

70.0

1000 40002000 3000

Time (s)
Figure £3 Temperature versus time variation for the measurement run for amplifiers 1-5 in Table

£2
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0.02

-0

-0.02

Time (s) 
Figure E4 Phase versus time variation for the amplifier 6 (Mk2 circuit) in Table £2

1000 3000 40002000 
Time (s) 

Figure £5 Temperature versus time variation for the measurement run for amplifier 6 in Table £2

Finally, in Figure E6, a plot of I/K versus amplifier bandwidth for all 13 amplifiers 
listed in tables El and E2 is displayed. The solid line showin in the figure is a linear 
least-squares fit which was applied to all of the data points. The data points 
approximately follow the line (R2 = 0.836) suggesting that K is inversely proportional 
to the amplifier bandwidth. This corresponds to the behaviour as regards the total phase 

error introduce by an amplifier vs co,, the -3dB angular frequency of the amplifier, given 

in Appendix B, equation B.I7.
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8.5. Appendix E - Cardiff Mkl system Control and 
Measurement software

Main program

Cardiff Mk1 MIT system control and measurement program# *
# Program COUNTER.C Borland C program for PC226# *

Written by Stuart Watson 
Date 17th December 2005

# Compiler Labwindows CVI7 * 
Restrictions * 
Mod History

# Revision Description Initials Date *
5 Final S.W.*

include "srSSO.h"
#include <formatio.h>
#include <gpib.h>
#include <analysis.h> 
^include <rs232.h>
#include <utility.h>
#include <ansi_c.h>
#include <cvirte.h>
#include <userint.h>
#include "pc226b.h" 
include "pc226bc.h"

void XY(void); 
void cbuf(void); 
void Isetup(void); 
void csepl (void); 
void csep2(void); 
void csepS(void); 
void csep4(void);

static int contro!226;
FILE *data;
FILE *measdatalM;
FILE "measdataRE;
char TX; RX;
int muxword; phasel; phase2;
int short statusbyte=0;

char IDD="ID";
char TC[]="TC9";
char SETUP[]="OUTX1;ILIN3;SENS26;OFSL1 ;OFLT7;FMODO";
charSETUP1[]="SENS26"; SETUP2[]="SENS23"; SETUP3[]="SENS21"; SETUP4[]="SENS20"

int trim;
int Device = 0; /* Device unit descriptor */

———————————— " 370



Appendices

int Boardlndex = 0; /* Interface Index (GPIBO=0,GPIB1 =1 ,etc.) */ 
int PrimaryAddress = 12; /* Primary address of the Deviceice */ 
int SecondaryAddress = 0; /* Secondary address of the Deviceice */ 
char Buffer[101]; /* Read buffer */ 
int lia; /*SR830 handle*/ 
int devName; 
intTchan; Rchan;

char totphase[24];
double Xreft16][16], Yref[16][16] ;
double Xmeas[16][16], Ymeas[16][16] ;
double IM[16][16], RE[16][16];
double X, Y, F;
double STDEVX, STDEVY;
double AVERAGEX, AVERAGEY;
double Xnorm, Ynorm;
char statuschar;
int Device, repeat;
int rb;
int loops;
int totloops;
int tword; rword;
int distance;
int I, j, k, loops;

double phaseinfol ; phaseinfo2; 
double X1;Y1 
double X2; Y2; 
double R1 ; R2; 
double XTOT; YTOT;

int main (int argc, char *argv[])
{

if (InitCVIRTE (0, argv, 0) == 0)
return -1 ; /* out of memory */ 

if ((contro!226 = LoadPanel (0, "pc226b.uir", CONTROL226)) < 0)
return -1 ;

DisplayPanel (contro!226); 
RunUserlnterface (); 
DiscardPanel (contro!226); 
return 0;

int CVICALLBACK RunCB (int panel, int control, int event,
void *callbackData, inteventDatal, int eventData2)

{
switch (event)

{
case EVENT_COMMIT:

/**##*#*******************************

PHASE DETECTOR / CONTROLLER PROGRAM* *
* Program COUNTER.C Borland C program for PC226

Written by Stuart Watson 
Date 17th December 2001 
Compiler Borland C++ 3.1

* Restrictions
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* Revision Description Initials Date * 
0 Initial S.W.

/* Controls the multiplexers and counters. PortA set to ouput (MUX control), 
PortB set to input (data) and PortC set to output (Counter control) 
*/

printf( "AMPLICON LIVELINE PC226 LIBRARY version %2.1f\n\n", getVerQ ); 
selectBoard( 0 ); 
setBaseAddr( 0x300);

if( ( getBoardldQ & BD ) != PC226 ) {
perror( "\nPC226 not found"); 
exit( 0);

printf( "PC226 found\n\n" );

if( initBoardQ l= OK ) {
perror( "\nBad PC226 initialisation" ); 
exit( 0 );

setPrtStat( 0, 1,0,0); 

Initialization -

sr530_init (8); 

ibsic (0);

data=fopen("data.dat","w"); 

lsetup();

tword=0;
rword=9;
tword«=4;
m uxword =rword +tword ;
writePrt( 2, 0);
writePrt( 0, muxword); /* close */

XY();

/* begin reference measurement set collection*/

for(loops=0; loops<16; loops++) /* warning loop forward*/

{
tword=loops;
rword=loops+8; 

if(rword>15)

rword=rword-16;
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tword«=4;
muxword=rword+tword; 
writePrt( 0, muxword); 
Delay(.1);

for(loops=15; loops>-1; loops-) /* warning loop back*/ 
{

tword=loops; 
rword=loops+8;

if(rword>15)
{

rword=rword-16;

tword«=4;
muxword=rword+tword; 
writePrt( 0, muxword); 
Delay(0.1);

csep1(); 
writePrt( 2, 0); 
k=0;

for (i=1; i<8; i++) /* lock-in amplifier gain settings - based on MIT system channel separation*/ 
{

csep1();

if(i==2){ 
csep2();

if(i==3){ 
csep3();

if(k<2){
csep4(); 
}

for(TX=0; TX<16; TX++) /* begin reference measurement set acquisition*/

tword=TX; 
rword=TX+i;

if(rword>15){ 
rword=rword-16; /* fold-back Rx number*/
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Tchan=tword; 
Rchan=rword; 
tword«=4; 
muxword=rword+tword;

writePrt( 0, muxword);

XY(); /* collect XY measurement*/ 
Xref[Tchan] [Rchan]=X; 
Yref[Tchan] [Rchan]=Y;

printf("%d,",Tchan);
printf("%d,",Rchan);
printf("%f, ",Xref[Tchan] [Rchan]);
printf("%f\n",Yref[Tchan][Rchan]);

fprintf(data,"%d,",Tchan); 
fprintf(data,"%d,",Rchan); 
fprintf(data,"%f,",X); 
fprintf(data,"%f\n",Y);

rword=TX; 
tword=TX+i;

if(tword>15){
tword=tword-16; /* fold-back Rx number*/

Tchan=tword; 
Rchan=rword; 
tword«=4; 
muxword=rword+tword;

writePrt( 0, muxword);

XY();
XreffTchan] [Rchan]=X;
YreffTchan] [Rchan]=Y;

printf("%d,",Tchan); 
printf("%d,",Rchan); 
printf("%f, ".XreffTchan] [Rchan]); 
printf("%f\n",Yref[Tchan] [Rchan]);

fprintf(data,"%d,",Tchan); 
fprintf(data,"%d,",Rchan); 
fprintf(data,"%f,",X); 
fprintf(data,"%f\n",Y);

l=g. /* reference meas. set for channel separation of 8*/

for(TX=0; TX<8; TX++)
{

tword=TX;
rword=TX+i;
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if(rword>15){
rword=rword-16;

Tchan=tword; 
Rchan=rword; 
tword«=4;
muxword=rword+tword; 
writePrt( 0, muxword);

XY();

Xref[Tchan] [Rchan]=X; 
YrefTJchan] [Rchan]=Y;

printfp/od.'Mchan);
printf("%d,",Rchan);
printf("%f, ",Xref[Tchan] [Rchan]);
printf("%f\n",Yref[Tchan][Rchan]);
fprintf(data,"%d,",Tchan);
fprintf(data,"%d,", Rchan);

fprintf(data,"%f,",X); 
fprintf(data,"%f\n",Y);

rword=TX; 
tword=TX+i;

if(tword>15){
tword=tword-16;

Tchan=tword;
Rchan=rword;
tword«=4;
m uxword=rword+tword;
writePrt( 0, muxword);

XY();
Xreffjchan] [Rchan]=X;
Yref[Tchan] [Rchan]=Y;

printf("%d,",Tchan);
printf("%d,",Rchan);
printf("%f, ",Xref[Tchan] [Rchan]);
printf("%f\n",Yref[Tchan] [Rchan]);
fprintf(data,"%d,",Tchan);
fprintf(data,"%d,",Rchan);
fprintf(data,"%f,",X);
fprintf(data,"%f\n",Y);

/* switch off all excitation channels */
tword=0;
rword=8;
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tword«=4;
muxword=rword+tword; 
writePrt( 2, 8); 
writePrt( 0, muxword);

printf("lnsert sample"); /* insert sample */ 
Delay(15);

tword=0;
rword=8;
tword«=4;
muxword=rword+tword;
writePrt( 2, 0);
writePrt( 0, muxword); /* enable excitation channels */

/* begin measurement set collection*/

for(loops=0; loops<16; loops++) /* warning loop forward*/

tword=loops; 
rword=loops+8;

if(rword>15){
rword=rword-16;
}

tword«=4;
muxword=rword+tword; 
writePrt( 0, muxword); 
Delay(.1);

for(loops=1 5; loops>-1 ; loops-) /* warning loop back*/

tword=loops; 
rword=loops+8;

if(rword>15){
rword=rword-16;

tword«=4;
m uxword=rword +tword ;
writePrt( 0, muxword);
Delay(.1);

csep1(); 
writePrt( 2, 0); 
k=0;

if(i==1){
csep1();
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if(i==2){
csep2();

if(i==3){
csep3();

if(k<2){
csep4();

for(TX=0;TX<16;TX++)
{

tword=TX;
rword=TX+i;
if(rword>15){

rword=rword-16;
}

Tchan=tword; 
Rchan=rword;

tword«=4;
m uxword=rword+tword ;
writePrt( 0, muxword);

XY();
XmeasfTchan] [Rchan]=X;
Ymeas[Tchan] [Rchan]=Y;

printf("%d,",Tchan);
printf("%d,", Rchan);
printf("%f, ",Xmeas[Tchan] [Rchan]);
printf("%f\n",Ymeas[Tchan] [Rchan]);

fprintf(data,"%d,",Tchan); 

fprintf(data,"%d,",Rchan);

fprintf(data,"%f," 1X); 
fprintf(data,"%nn" I Y);

rword=TX; 
tword=TX+i;

if(tword>15){
tword=tword-16;

Tchan=tword; 
Rchan=rword; 
tword«=4;
muxword=rword+tword; 
writePrt( 0, muxword);
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XY();

XmeasfTchan] [Rchan]=X; 
YmeasfTchan] [Rchan]=Y;

printf("%d,",Tchan);
printf("%d,",Rchan);
printf("%f, ",Xmeas[Tchan] [Rchan]);
printf("%f\n",Ymeas[Tchan][Rchan]);
fprintf(data,"%d )",Tchan);
fprintf(data,"%d," 1 Rchan);
fprintf(data,"%f,",X);
fprintf(data,"%f\n",Y);

i=8;

for(TX=0; TX<8; TX++)

tword=TX; 
rword=TX+i;

if(rword>15){
rword=rword-16;

Tchan=tword; 
Rchan=rword; 
tword«=4;
muxword=rword+tword; 
writePrt( 0, muxword);

XY();

Xmeas[Tchan] [Rchan]=X;
YmeasfTchan] [Rchan]=Y;
printf("%d,",Tchan);
printf("%d,",Rchan);
printf("%f, ",Xmeas[Tchan] [Rchan]);
printf("%f\n",Ymeas[Tchan] [Rchan]);
fprintf(data,"%d,",Tchan);
fprintf(datar%d,",Rchan);
fprintf(data,"%f,",X);
fprintf(data,"%f\n",Y);

rword=TX; 
tword=TX+i;

if(tword>15){
tword=tword-16;

Tchan=tword; 
Rchan=rword; 
tword«=4;
muxword=rword+tword; 
writePrt( 0, muxword);

XY();
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XmeasfTchan] [Rchan]=X;
YmeasfTchan] [Rchan]=Y;
printf("%d,",Tchan);
printf("%d,",Rchan);
printf("%f, ",Xmeas[Tchan] [Rchan]);
printf("%f\n",Ymeas[Tchan] [Rchan]);
fprintf(data,"%d,",Tchan);
fprintf(data,"%d,", Rchan);
fprintf(data > "%f) ",X);
fprintf(data,"%f\n" > Y);

tword=0;
rword=9;
tword«=4;
muxword=rword+tword;
writePrt( 2, 8);
writePrt( 0, muxword); /* close */

fclose(data);

/* begin data processing*/

measdata IM=fopen("measdata IM .dat", "w"); 
measdataRE=fopen("measdataRE.dat","w");

for(Tchan=0; Tchan<16; Tchan++)
{

for(Rchan=0; Rchan<16; Rchan++)
{

if(Tchan!=Rchan)
{

R1=sqrt (pow (Xmeas[Tchan][Rchan],2)+ pow
(Ymeas[Tchan][Rchan],2) );

R2=sqrt (pow (Xref[Tchan][Rchan],2)+ pow (Yref[Tchan][Rchan],2) );

phaseinfol = (atan (Ymeas[Tchan][Rchan]/Xmeas[Tchan][Rchan])); 

phaseinfo2 = (atan (Yref[Tchan][Rchan]/Xref[Tchan][Rchan]));

Xnorm=R2/R1*cos(phaseinfo2-phaseinfo1)-1; /* phase rotations*/ 

Ynorm=R2/R1*sin(phaseinfo2-phaseinfo1); I* phase rotations*/

RE[Tchan][Rchan]=Xnorm; 
I M[Tchan][Rchan]=Ynorm;

fprintf(measdatalM,"%d,",Tchan);
fprintf(measdataRE, M%d 1 " 1 Tchan);
fprintf(measdatalM,"%d,",Rchan);
fprintf(measdataRE,"%d,",Rchan);
fprintf(measdataRE,"%f\n" IXnorm);
fprintf(measdatalM,"%f\n", Ynorm);
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fclose(measdatalM); 
fclose(measdataRE);

AVERAGEX=0; 
AVERAGEY=0; 
STDEVX=0; 
STDEVY=0;

/* compute average and standard deviations of measurements and display on screen*/

for(Tchan=0; Tchan<16; Tchan++){
for(Rchan=0; Rchan<16; Rchan++)
{ 

AVERAGEX=AVERAGEX+RE[Tchan][Rchan];

AVERAGEX=AVERAGEX/240;

for(Tchan=0; Tchan<16; Tchan++){
for(Rchan=0; Rchan<16; Rchan++){

AVERAGEY=AVERAGEY+IM[Tchan][Rchan];

AVERAGEY=AVERAGEY/240;

for(Tchan=0; Tchan<16; Tchan++){
for(Rchan=0; Rchan<16; Rchan++){

X=pow((RE[Tchan][Rchan]-AVERAGEX),2); 
STDEVX=STDEVX+X;

STDEVX=sqrt(STDEVX/240);

for(Tchan=0; Tchan<16; Tchan++){
for(Rchan=0; Rchan<16; Rchan++){

Y=pow((IM[Tchan][Rchan]-AVERAGEY),2); 
STDEVY=STDEVY+Y;

STDEVY=sqrt(STDEVY/240);

printf("MEAN RE perturbation is - ");
printf("%f , AVERAGEX*1 00);
printf("%%\n");
printf("MEAN IM perturbation is - ");
printf("%f",AVERAGEY*100);
printf("%%\n");
printf("STDEV of RE perturbation is - ");
printf("%f',STDEVX*100);
printf("%%\n");
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printf("STDEV of IM perturbation is -"); 
printf("%f',STDEVY*100); 
printf("%%\n");

return 0;

Subfunctions

int CVICALLBACK ExitCB (int panel, int control, int event,
void *callbackData, inteventDatal, int eventData2)

{
switch (event)

{
case EVENT_COMMIT:

QuitUserlnterface (0);
break;

} 
return 0;

void XY(void){ 
X=Y=0; 
Delay(0.20); 
sr530_measure_output (0, &X, &Y.&F );

Delay(0.020);

void lsetup(void){

Send (0, 8, SETUP, strien(SETUP), 2); 
Delay(.3);

void csep1(void){

Send (0, 8, SETUP1, strlen(SETUPI), 2); 
Delay(.2);

void csep2(void){

Send (0, 8, SETUP2, strlen(SETUP2), 2); 
Delay(.2);

void csep3(void){

Send (0, 8, SETUP3, strlen(SETUP3), 2); 
Delay(.2);

void csep4(void){
Send (0, 8, SETUP4, strlen(SETUP4), 2); 
Delay(.2);
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8.10. Appendix G Publications related to this thesis

A full list of the publications related to the work described in this thesis is given below.

Gl. Watson, S., R.J. Williams, W. Gough, A. Morris, and H. Griffiths. "Phase
Measurement in Magnetic Induction Tomography", in 2nd EPSRC Eng. Network 
meeting on Biomedical applications of BIT. 2000, University College London

G2. Watson, S., R.J. Williams, H. Griffiths, W. Gough, and A. Morris. "Frequency 
downconversion and phase noise in MIT", hi 3rd EPSRC Engineering Network 
meeting on Biomedical applications of BIT, 2001, University College London.

G3. Watson, S., RJ. Williams, W. Gough, A. Morris, and H. Griffiths. "Phase
Measurement in Biomedical Magnetic Induction Tomography", in 2nd World 
Congress on Industrial Process Tomography, 2001, Hannover, Germany.

G4. Watson, S., RJ. Williams, H. Griffiths, W. Gough, and A. Morris. "A
transceiver for direct phase measurement Magnetic Induction Tomography", in 
23rd Annual International Conference of the IEEE Engineering in Medicine and 
Biology Society, 2001, Istanbul, Turkey.

G5. Watson, S., A. Morris, RJ. Williams, W. Gough, and H. Griffiths. "The Cardiff 
Magnetic Induction Tomography System", in Proc. of the Int. Federation for 
Medical and Biological Engineering EMBEC'02. 2002. Vienna, Austria.

G6. Watson, S., RJ. Williams, H. Griffiths, W. Gough, and A. Morris, "Frequency 
downconversion and phase noise in MIT". Physiological Measurement, 2002, 
23(1): p. 189-194.

G7. Watson, S., RJ. Williams, H. Griffiths, W. Gough, and A. Morris, "Magnetic
induction tomography: phase versus vector-voltmeter measurement techniques". 
Physiological Measurement, 2003, 24(2): p. 555-564.

G8. Peyton, A.T., S. Watson, S J. Williamson, H. Griffiths, and W. Gough. 
"Characterising the Effects of the External Electromagnetic Shield on a 
Magnetic Induction Tomography Sensor", in 3rd World Congress on Industrial 
Process Tomography, 2003, Banff, Canada.

G9. Riedel, C.H., S. Watson, H. Griffiths, RJ. Williams, and O. Dossel, "Design and 
performance of a planar array MIT system", in Proceedings of the International 
Conference on Electrical Bioimpedance ICEBI'04, 2004, Gdansk, Poland..

G10. Watson, S., A. Morris, RJ. Williams, H. Griffiths, and W. Gough, "A primary 
field compensation scheme for planar array magnetic induction tomography". 
Physiological Measurement, 2004, 25(1): p. 271-279.
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Gl 1. Watson, S., C.H. Riedel, O. Dossel, R.J. Williams, and H. Griffiths. "A
Simulation Study Of Primary-Field-Compensated Sensors For Planar-Array 
MIT", in Proceedings of the International Conference on Electrical 
Bioimpedance ICEBI'04, 2004, Gdansk, Poland.

G12. Igney, C.H., S. Watson, S.J. Williamson, H. Griffiths, and O. Dossel, "Design 
and performance of a planar-array MIT system with normal sensor alignment". 
Physiological Measurement, 2005,26(2): p. S263-S278.

G13. Watson, S., C.H. Igney, O. Dossel, S.J. Williamson, and H. Griffiths, "A 
comparison of sensors for minimizing the primary signal in planar-array 
magnetic induction tomography". Physiological Measurement, 2005, 26(2): p. 
S319-S331.

G14. Watson, S., R.J. Williams, and H. Griffiths. "Sensitivity distributions within
conducting volumes for annular Magnetic Induction Tomography arrays", in 6th 
Conf. on Biomedical Applications of Electrical Impedance Tomography, 2005, 
University College London.

Gl 5. Watson, S., RJ. Williams, and H. Griffiths. "Imaging Electrical Resistivity In A 
Simulated Limb By Magnetic Induction Tomography", in Proc. of the 3rd 
European Medical and Biological Engineering Conference (EMBEC), 2005, 
Prague, Czech Republic.

G16. Griffiths, H., W. Gough, S. Watson, and RJ. Williams, "Residual capacitive 
coupling and the measurement of permittivity hi magnetic induction 
tomography". Physiological Measurement, 2007, 28(7): p. S301-S311.

G17. Watson, S., C. Ktistis, D.W. Armitage, A. Peyton, RJ. Williams, and H.
Griffiths. "Developments in Magnetic Induction Tomography for Oil-Industry 
Applications", in 5th World Congress on Industrial Tomography, 2007, Bergen, 
Norway

Gl 8. Watson, S., H.C. Wee, R. Patz, RJ. Williams, and H. Griffiths. "A method for 
increasing the phase-measurement stability of Magnetic Induction Tomography 
system", in 4th European Congress for Medical and Biomedical Engineering. 
2008. Antwerp, Belgium.

G19. Watson, S., RJ. Williams, W. Gough, and H. Griffiths, "A magnetic induction 
tomography system for samples with conductivities below 10 S m" 1 ", 
Measurement Science & Technology, 2008, 19(4).

G20. Wee, H.C., S. Watson, R. Patz, H. Griffiths, and RJ. Williams. "A Magnetic
Induction Tomography system with sub-millidegree phase noise and high long- 
term phase stability", in 4th European Congress for Med. and Biomedical 
Engineering. 2008. Antwerp, Belgium.
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